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PREFACE TO THE FIRST EDITION 


Although there is a large number of books on Electricity 
and Magnetism written by distingnished foreign autborsy there 
is hardly any book exactly suitable for a student preparing 
for the degree course in an Indian University. The present 
book is an attempt to remove this long felt want. 

In writing this 'book I have deliberately cut'dbwn *11 
unimportaint elementary portions (which are usually done in 
the Intermediate stage) so much so that during the first few 
chapters, the book may appear to be almost a note' rather 
than a Text book. It is however far' from my intention to 
write a note on this subject, as will' be amply borne out in 
Inter chapters where no pains have been spared to discuss 
all relevant subjects very thoroughly. I wish ' I could 
introduce many , more important, topics into this book. It is 
only due to shpriness of time. that this has trot been possible 
in this edition.; If I . get an , opportunity I have a'mind to do 
this in a later edition. i 


I have great pleasure in acknowledginglbelp from many of 
my colleagues, particularly from Sj. Kamada Majumdarof 
Slbpur Engineering College and' trom .Sj, Bhabesh KnnTar 
Bom of Hoogly Mohsln College, I have also freely taken help 
from the well known authors. 

Inspite of my best care the book has not been free from 
printing -mistakes. This is - due to (the book being rushed 
through the press. An errata is given at the end of the book 
pointing bnt the important mistakes. 


Suggestions for improvement of the book 
appreciated.' ' - 

PBXSWHNcr Coixsoa 

Calctjma 

Tki IBth SepUmhiT, 19i8 


will be gratefully 


D. P, 



PREFACE TO THE FIFTH EDITION 

Through the, kind patronage of students and teachers the 
.book has gone into the fifth edition. I am gratefui to all.' 

In this edition considerable, changes have been introduced. 

. The theory of ballistic galvanometers has now been included. 
,In the. chapter, on Wireless mathematical treiatm'ent has been 
partly, introduced. Besides, several changes have been made 
here and there. 

Due to, printing mistakes several errors were introduced in 
the “Answers” in the preceding editions of the book. All the 
problems have therefore been worked out again and the 
answers have been checked. Many new problems have also 
been introduced. I shall be thankful if any mistake sHll found 
to be present in the “Answers’* be pointed out to me. 

I am grateful to Sj. Katnadakanta,Majumdar of , Sibpur 
„ B. E. College who has heijjed me considerably in re-writing 
the chapter on Wireless. 

CAI,ct7TTA 

U Beptemhtr, 1958 D. P. Acharya 

; ^ PREFACE TO THE .TWELFTH EDITION 

This, the twelfth edition, has been .thoroughly, revised and 
brought uptodate.incorporating thp latest useful material, for the 
benefit of students. Many more excercises and latest questions 
have been added at the end of each chapter. It is hoped that 
this revised edition will also prove useful to the students as the 
previous editions. 

D.P. Acharya 


December, 1977 
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MAGNETISM 


CHAPTEE I 
GEKBBAI, THE02T 

Magnets may be either natural or artificial. A natural 
magnet known as lodestone* is found as a mineral in Asia 
Minor, Norway, Sweden and sereral other 
Art 1 places. Artifidal magnets may be prepared 
Introduction from soft iron or steel. In recent times an 
alloy known as Henslar’s alloy has hem 
prepared. This does not contain iron or steel but can be 
magnetised fairly strongly. 'All magnets possess two remark- 
able propdties. oia. CD they attract iron filings and (2) when 
suspended freely from the centre of gravity by, a l^ht s^g, 
they always rest in the NortL-Sonth direction. It is found 
that the power of attracting iron filings is concentrated at two 
points near the two ends. These points are known as poles. 
The line joining the two poles is known as the magnetic axis 
of the magnet "When the magnet is freely suspended the pole 
which points towards the North is known as North 
pole or simply North pole; similarly the pole directed 
towards the South is called South $etlcing pole or South pole. 

If two poles of strengths mi and mt be.aeparated by a dis- 

^ tance r each is acted on by a force P • 
Fundamcnutl , 

Formula where is a constant depending upon the 
nature of the medium' in w;hich the poles are placed ’ and is 
called the permeability of the medium. '' ' ■ 

If the two poles are like the force is of repulsion; if they 
ere unlike the force is of attraction. In either case the 
magnitufie of the force bc^een two poles is given by the 
above expression. ■ V . " 

-For air the permeability is one ; hence if the. poles be 

TO tni 


pieced in air the force between them is equal to 


In 


• Magnetite Is the modern natne of this mineral 


2 


this eqaation we notice that it r’=‘l cm.F^l dyne and 
then 1 C, G. Si unit., Tbus-\we have thcfoilowing 

definition of a unit pole : — ' ’ 

If we have in air two poles of equal strength at a distance 
of one .cm, lapart .-and ,'if the force between 

>. them be one dy,ne.thcn,each of the two poles 

is said to be a unit pole. ^ 

, In" practice we never come across^single polesi ' We deal 
with magnets v;hich always contain a. pair of poles. — a North 
pole and a Sohtb pole— both of the same strength. . ' - 

It follows that We da'n’never h'ave bodies 'charged’ with one 
kind of magnetism in the 'way -in which b6die.s are charged 
with positive.or negative electricity. a,.- , ■ 

The-magnetic moment of a^magnet -is defined to ‘.be- the 
-■ i-. couple* acting on . thcimagnct when it is placed 

Hagnetlc; , gf; right angles . to ra ■ uniform field of unit 
moment 

• ; j '- strength and is 'measured by the product of the 
strength of any 'one pole and the distance, .between the.poles. 


Thus M “.m X 21 where — Magnetic moment,,, ,in - pole 

strength, .2f “distance between thepoles., . V 

..,'.-,.We : shall pee, that .in all. probiemp opr magnetism otir 
ultimate formula always , contains, the..magnetic moment and 
not the pole-strength.^.., The magnetic, moment of a magnet 
may- therefore,. be regarded ap more , fundamental. tban the 
pole-strength. , 

Art 3 ■ ' * ■ 'The' magnetic ' iutensiiy at any p'dint is 

' ■ .Magnetic 'defined to be the- force experienced by-'a unit 
, North pole placed at that point. ' ‘ 

■ Thus, if we consider a point at a distance/ from' a pole of 
strength m the magnetic intensity at 'the' point is' given' by 

the medium be air the intensity is,:^. 

.. ^ . 

, It. follows from the definition fhat if we have a pole of 
strength m' placed at a point vi'here the" intensity is' F; the 
force on the, pole is m' F. ' ' ' ' ' ' ' 

It is to' be noted that the intensity is a vector quantity, 
e. it has both .magnitude/ and ;directiqn.. , The magnitude 


s 


is giveii by -^and the direction is indicated by the fact that 

the intensity is the force experienced by a unit north . pole. 
It is obvious that the force on a unit south pole is equal in 
magnitude but is directed in the opposite directiqn. , _ , 

The magnetic intensity is also known as the strength of 
the field or field strength. The word ‘field' alone often 
conveys the same idea. 

The magnetic potential at any point is the work done in 
bringing a .unit- North pole from infinity np 
potential . the potential difFerence 

between two points., is .. .the, work done . .in 
carrying a unit North pole from one point to the other. 

Consider two points A and B on the X axis at ^ distances 
« and a + da from an arbitrary origin O. Let the potential 
,p A B at A be Vand thatat B ' V + dV 

Then the potential difFerence 

v^-V' -V'-{V'+dv)“^~dV. 

This must be equal to the work done in carrying a unit 
north pole from B to Avt -If F b'e'-the magnetic intensity -along 
X-axis at the point A*, theforceon a unitnorth pole between A 
and B is F; and since thedistancetraversed is AB*=da,we have 

dV' " 


'-dV-Fdz or 

■ •• • da 


KD 


■ In this, equation F .measures .the intensity -along .X axis; 
If the actual ..intensity, be.in ,any oblique direction . the com- 

da 


ponent along X axis is ; similarly the component along 


Y axis is- and that along" Z' axis is- -r .: .■ 
ay ds 

Equation (l) gives us , the. relation between the magnetic 
intensity and the magnetic potential at any point. It is to 
be noted that unlike magnetic^intensity magfietic potential 

* A and B are anppoeed to be #0 close that the magnetic Inteniity at 
A is the same M thst st B or st sn ypoint between A’and B, ' 
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is a scalar quantity, *. e. it has magnitude but no direction. 
Consider a point A at a distance x from a pole of strength 

*n. Then the intensity at A is 

fix' 


m A 

Fig. 2 


(. e. 


dV_ 

dx 


j-rr 

■■■ — i or dV — 
ft®* 


♦nds 


v-“ r ^+0-— +0, 

, J fix • 

where 0 is the constant of integration. 
The potential at infinity ia supposed to be zero, ». «. V— 0 
when®— eo : we thus have 0 — 0, 


Hence 

V— — 



(2) 

If the medinm he air 

V-— T 

X - 

• « • 

• » • 

(2«) 


Throughout the remaining portion of this book we shall 
always assume the medium to be air unless otherwise stated. 


Potential and intenslty-dae to a bar magnet 
First Case 


Art 4 
End on 
position 


N 


Fig. 8 


Consider a 
point P on the 
axial line of 
the magnet 


NS whose centre is O. The point P is said to be in 'Tan A’ 
position of Gauss or In ‘End on’ position with respect to the 
magnet NS. 

Let OP — r, NS — 2i, and >» be the pole strength. Then 
the magnetic momemt M — m 21. 


-n . nj m tn 

Potential. 


m 


T NP SP r-l r-fi 

m 

If the magnet he small 


(3) 

(3a) 



s 


_ , _ n m tn ' 

iBteBSity. Pp“2^p*-SE3’"(r_i)*“(y + j)a = 

4mrl 2Mr f^\ 

■ If the magnet be small ... ...' Uo) 

This intensity acts in the direction NP produced, f.'«. 
flionff the axis of the magnet, atoaj/ from the North pole. , 

' If a magnet be placed in the N-B direction with its North 
pole poift/fBg touth, then there are two ^ints on the axis 
produced at equal distances on either side of. the magnet 
such that the ihteWty due to the magnet at “any of these 
points, is equal and opposite to the horizontal component* of 
Earth's magnetism. 

Thus, at these points 

2Mr . _ ^ (r*-l*)* 

(r*~iV Vh ~ > 2r ’ ■ . 



Such points where the total; intensity is nil are called 


Neutral points 


neutral points. Evidently from, a knowledge 
.of the positions, of these neutral points the 



Consider a point P on 
the equatorial: -line of the 
magnet NS. The point 
is said to be in ‘Tan B’ 
position of Gauss or in 
‘Broad-side on’ position 
with rcsptict to the 
magnet NS. As l«foTe 


letOP-r. NS- 


• vide Art 12 
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Potential, v ( 5 ^ 

Intensity, Intensity at P due to North pole*“j^j along 
NP produced, i. e. along PQ. Intehsity at P due to South 


pole “gps along PS. 

T “ 

These two components are numerically equal . . Jlence 
their resultant bisects the angle between them, i. e. acts along 
PR in a direction parallel to NS. 

Let Z.PNO“t?, then LQPR= Z.RPS**^,^ Hence the 


resultant intensity at P in the direction PR is 
F 


F NP 


^ e- 


cos 


n a 2»n - 

-gpi cos cos e 


2m I M 


( 6 ) 


M 


» jyi 

If the magnet be small Fp*= — * 


(6o) 


This intensity acts in a' direction parallel to the magnet 
and away from the'North pole. ' ' ' ' 




3 

M 


F 




Pf 


FiE6 


If a magnet be placed in the 
N-S difectio’n’ with its llorth 
P'lle pointing north then the 
neutral points are on the 

equatorial line - at - equal 
distances on either side of the 
magnet. ~ 

. M 

At these points — .y- 

or — (r +1--; 

Clearly can be deter- 
mined from these ^ncutraj 

points also. ‘ ' ' 
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Third case 


General 

case 


Consider a point P iB tbe 

neighbonrliood 
of a small* 
iragnet KS 
whose centre is 0, Join OP, 

NP, S P, Let OP - r, KS •= ‘Jl, 

£POK-e. 

Potential 

1st Method. From -K and S drop NA and SB perpendi- 
culars to OP produced if necessarj. Since the magnet is 
small NP may be regarded as equal to AP and BP to BP. 



V, 


•n 


m - 

’np" SP 
AB 


m ' SP 
~n 


^NP- 


'JTS 


,. BP- AP 
AP.BP 
20 A 


■TR 


(op-oa;(op4-ob) 

IX cos 6 


r 

M cos 6 
t ' 


NP.SP 

[r-l cos r-l co.s ' 
' [ neglecting {* ] * , ' ’ 


(7) 


As t’le length of the magnet increasesjhe value of M(--2/) 
increases 'and hence ihfe- potential increases.- If, however, the 
length becomes ^ery large SP^^BP and'KP^tAP and hence the 
aborc proof fails. In this case no simple.evpression can be 
arrived at lor the potential or for the intensity at 'the point. 

Snd Method. Resolve tbe magnetic moment' M along OP 
and perpendicular to OP j these components are M cos $ and 
M sin fl. With respect to tbe first component the point P is 
in 'tan A’ position and tbe _ potential at P is . therefore 

X from (So) J. With respect to the second "component 
the point P is in ‘Tan B' position and tbe potential at P is 



z 


zero [ from (5) ], Hence the total potential at p— 

r* 

The agreement of this result with that obtained by the 
first method justifies us in assuming that the magnetic 
moment of a magnet may be resolved like any other vector 
quantity. ' 


Intensity 
Resolve the 
magnetic moment 
along OP and 
perpendif'utar to 
OP. These compo- 
nents are M cos 6 
and M sin S, Due 
to first of these 
the intensity at P is 
2M COS0 

— along OP 

produced ».e. along 


.Firtt Method 



H 

Fig. 8 


PA [ from (4a) ] and due to the second the intensity is 

^ ^ 3 ° -— perpendicular to OP and away from the north pole, 

i. e. along PB [ from (6a) ] 

Hence the resultant intensity at P is 

e y sin e y ^ 

+ S COS*0' ... ... (8) 


The direction of the resultant is along PC making an angle 
A APC*-a with PA where ' 


tan «• 


M sin S / 2M cos S 


•i tan ^ 


A simple geometrical construction for finding this 
direction PC can be deduced readily. For, producing CP to 
meet SN” produced at D and dropping DE perpendicular to 
OP, we notice that 
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tan 0” 


DE 

OE 


and tan tan ^DPE“ 


from {8a) 


DE , DE . 
EP”^OE " 


DE 

EP 

EP-20E. 


Thus E is a point of trisaction of OP nearer to O. 

Hence we obtain the following geometrical method for 
determining the direction of the resultant intensity at P : — 
Trisect OP and take the point E such that PE—20E. At 
E draw ED perp. to OP meeting SN prodneed at D. Join 
DP. Then DP produced gives ns the direction of the 
intensity at P. i. e. of the line of force through P. 

Problem. Find by this geometrical method the direction of the 
intensity at the point P when the point is on the other side of the 
eqnatorial line, », c. In the (onth polar region of the magnet. 

Second method 


Prom (7) the potential at P V”* 


M cos Q 


Intensity at P along OP (^r) — 


d /M cos 6\ 


r* 

dV 

dr 


2M cos 9 


And intensity at P perp. to OP 

__ dV [ V a small distance measured 

TdO perp. to OP is rdS ] 

1 d / M cos 0 \ M sin 0 
r dt?\ r* / r’ 

We thus find the components along OP and perp to OP ; we 
can then find the resultant intensity at P as in the first method. 

We now proceed to determine the position of the neutral 
point in the special case when a small magnet NS is placed in 
East- West direction with its Nonh pole pointing .East. Consi- 
der a point P (in the Southern region of the magnet 
Article 4 (a) NS) at a distance r from the centre O of the "magnet 
NS, the line OP making an angle 6 with the 
axb of the magnet. Then the two components of the 
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magnetic intensity at the point P due to the magnet NS are 

along OP produced and F, -^— 3 " ^ 

a direction perpendicular to OP where M is the magnetic moment 
of the magnet. We can resolve these components along E-W and 
also along N-S directions. If P be a neutral point the components 


’NORTH 



Fj cos 0 and Fj sin 0 along E-W direction must cancel each othci 
and the components Fi sin 0 and Tz cos 0 along N-S direction raus 
together be equal and opposite to H (Earth’s Horizontal Com 
ponent). Tiius 

r ' n T- • n 2M cos" G M sin- 0 . 4 a / 

F, cos ^^Fj sin 0 or — =: — -p — .. tanO-v^- 

• i ^ 

j T- . , „ XT 3M sin 0 cos 0 tt r \ 

r.nd Fi sin 0^-1 j cos 6 =H or /-■ =H (a) 


Since fan 0~V2 sin G- 


— ^ and cos 0 == — 
v '3 . V3 
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. r / > 3M 
• • frorn (a) 


v'3 


/3 


==H 


M 


•• H 


v/2 


Thus from a knowledge of the position of the neutral point r 

. }vi ■' ‘ 

and cart be determined; and hcnce-||- can be found out. ..f. 


N.E. ( 1 ) It may be easily seen that'if PO be produced to 
Q, beyond O.on the other side of the magnet such that OP==C)Q, 
then Q,is also a neutraTpoint.- > ' ■ 

(2) If the-N pole of. the magnet points WcsCthe neutral points 
are R and S where the straight line ROS makes the same angle B 


with the magnet and OR— OS=*OP«“OQ,- . 

A uniformly magnetised' bar magnet 10 ems long and of 
moment ZtiOas placed horizontally with its axis in, the ^magnetic 
meridian and the north polo pointing north. _A small compass 
needle placed.nl d distanCa' of JO 'ems- east of the centre of the bar, 
is observed to bo in neutral equilibrium. Find the horizontal 
intensity cf the earth's lield,'- ^ . C. U. 193& 

OP“10 cins. NS =•21'^ 10 
ems l<^5 cms. Inleusity-; 
at P due to the magnet 
„ M 200 

’=’0*143 C. G. S. unit- ' Fig. 9 

At the neutral point H'»P:'=»6'r43'C.,G. 8. unit. 

Find the value of the potentinlala point situated on a line 




passing through the middle point of a 
' mrightt of moment 30 and viaking an angle 
of 60^ with its axis, the point being 5 cms 
away from the mid point of the magnet. 

; > . _ C. U. 1943, 1851, 1955. 

Meo^^ SbeofsOO- 15 _ 

>—=— 5 * 


C. G. S. unit 


Fig, 10 
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, Action between two small magnets. 

Arts 

First Case 

Consider two smali - ' 

magnets NS and N'S' ® o -n . ; , n', d s' •' 

lying along the same . 

sfraightHne with .their; centres O and O'- separated by a ' 
distance r. Xet m, 2Z and M be the' pole strength, magnetic - 
length and moment of the magnet NS and let m', 21' and M' 
be the corresponding .quantities'bf the magnet N'S'i ' ‘ 

'■ '.Jetton t/NS on N'S'. ' v.^.' 

Intensity at O' due to NS = — along' 66 ' to the right’ 


.Mhtehsity at N' 

- and intensity at S' — 


5M .6Mi' 

2M eMV. .. 


'Force on . ’ .to the right . 

and force on to the left 

Force on the magnet N'S' ' 

,/2M , 6Mr\ ,/2M . 6M1'\ . , 

, \ totheri^ 

in a similar way it can be proved that the force on the 

' 6MM' 

magnet NS by N'S' is also equal to — but to the left. 

, Mutual Potmtial Energy. 

Potential at O' dne to NS •“ "p .. 1 . 

. 4-V.-NT/ M d/M\„^M^2Mi' , 

. . Potential at N - ^- 5 - ^-^ 5 - y *— ;^+-p- 

and potential at S'« -^ + — ^ -p jl “ 



IS 


Potential energy 


, ( M 9Mr\ , /iM- 2Mr \ 




2MM' 


Second Case 


Action of NS on. N'S' 


l»lg. 12 


Intensity at O' 


_2M 


s t . .Q | N.. 


•to tbe right. Since the magnet N'S' is small 


rf-. 
's' 


we may .assnrae that the intensity at N' or at S' is the same 
as, that at-^O'. — 

, . ; . 2M ■’ . -'t ■ ' ' ' 

Hence ^ force on N'— to the right . . ■ • ! , 

2M'‘ -- ' 

and force on S'^^m' — r to the left ’ •' 

r* 

Thns N'S' is acteJd on by a ciocifcann cbhple of momimt,', 

, .-v;' ■ 

Jelion <!/ N'S' on NS. j' 

'M' - * ' ■ 

Intensity at downwards. Asstmuag tbit to be alao 

the intensity at N or at S, we have 


force on N=w 


! and 


force on S— »» 


M' 

,,r?. 

M' 


r 


do?raw8rds 


npwards 


, The magnet NS is also acted. on by a elochoitt couple 


of moment 


tn- 


M' 


... r» r* ■ ' ■ .V., 

Considering therefore the two ‘magnets as , .bolouKing to 
one system the resultant conple acting oh this system is 

elooltoiit and is of moment egaal to ^ 
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Magnetic We are thus led to the following paradoxi- 

paradox conclusion ; — 

^ ^ ^ 

If we have two small magnets placed in the above way on 
e large piece of cork a resultant couple of moment equal to 
3MM' ^ 

will act on this system. If we therefore allow the cork 


to fioat in water the cork will rotate continuously. But this is 
impossible as it goes against the principle of conservation of 
energy. ■ ■ • 


This is what is known as the magnetic paradox. The 
explanation lies in the fact that although the magnets are 
small the intensity at the centre "of a magnet catinot strictly 
he regarded as equal to that at cither of the poles. If -we 
allow for this variation by a more rigorous calculation 
it is found that another couple, anhclockwise and of moment 
3MM' 

— 5— acts on the system. This couple neutralises the 

7 

previous one and the system is therefore in equilibrium. 
Mutual Poienlial Energy. 

Potential at O' due to NS =— , " Assuming this to be 

r" 

the same at N' and also at S', we have 

, / M « M n 

Potential - energy " m . ~ m - 0. 


Exercise 1. 

1. What is meant by a pole of unit strength ? Define unit 
potential and unit field and establish the relation between the 
potential and the field at any point. 

'2. The repillsire force between two poles ie 60 dynes when 
they are 9 oms apart. What will it be if the distance be 
decreased to 6 ems ? Ans. 136 dynes. 

' 3. A short magnet is free to rotate shont an axis perpendi- 

cular to the axis of the magnet and passing through its centre. 
Obtain an exprossion for the potential at a fixed point in the 
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plant of rotation and at an appreaiable distance from the centre 
of the magnet. 

Discuss, hov? the potential at the point changes.', with the 
angle of rotation of the. magnet. - . -C.- U. .193S 

4, Two short bar magnets are arranged so that the axis of 
cne.prodncod bisects the axis of the other at right angles. 'Find 
the oonplo on each due to the other. 

5.,.„The..force of attraction between, two, magnotic poles at a 
distance, of S oros from each other, is equal to the weight of a 
gramme. If one of the poles be of strength 60 find the strength 
of the other. ; . . Ans. 147'2 


6. A magnetic pole is acted on hy a force of 20 dynes when 
placed in the .magnetic field .of strength ■0'25, ’ Find the strength 
qf.the pole. -Ahe. 80 

; ..,-7. ._What is, meant by amentral point in a magnetic field ? 

The neutral point of a ahort magnot ia' 24 ems from -the 
centre, of the magnet which lie.a, with its axia north, ^and jaonth 
and the N.pole pointing, to. the north, .n.the value of H be 0*21 
0. G. S. anit what is, the moment ,pi..tbe magnet ?; 0,- U.-lSSi. 


, 2903 C: 6.~S.“unit3. 

...8. Explain .what Is meant by .magnetic moment. .• 


, Prove that the inteneity of the magnetic field due to a amall 
bar . magnet, ‘end on” is twice that dne.to the same magnet 
“broadside on’',at the same distance. T; . ' • ‘ 

Two short bar magnets of moments lOS and 192 nnits are 


placed ■ along two lines drawn on the table at right angles to 
each other Find the intensity of the field at the point of 


intbrsection of the lines, the centres of, the magnets, being 
respectively 30 and 40 ems from the point.' C. IT. 1946 

Ana. O’Ol making an angle of with the, line . joining 

the point to the centre of the magnet of moment 103 nnlts. 

‘9. ■ Find the' magnitude and direction of the tnagnetic . field 
dne to a small magnet of moinent 60 at a point situated on a 
line passing throngh the middle of the magnet and mshing an 
angle of 60*,, with .its axis, the point being' at, a distance of-, 12 
ems from the centre of the magnet. Explain by an ' aconrsto 
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drawing bow the direction of the field may be determined 
grapbioaily. 

Ane, 0‘383 C, G. S nnit making an angle of 40*54' with the 
line joining tbo point with the centre of the magnet. 

10. A magnet of pole strength 1000 and length 12 cms is 
placed on a drawing board. Find the intensity of the field at a 
point in (i) ‘tan A* position and (iiVtan B* position at a distance 
of 20 cms in each case from the middle point of the magnet. 

Ans. (s) 3‘62 0. G.8. unit (ii) 1*32 C. G. S unit. 

C. U. Questions. 

1961. Explain what is meant by magnetic moment. 

Prove that the intensity of magnetic field duo to a small 
bar magnet in end-on’ position is twice that dne to the same 
magnet in broadside on position at the same distance, 

1966. Define magnetic potential. Derive an expression 
for the potential at any point dne to a short magnet. Hence 
oalcnlate the radial and transverse field intensities. 

1967. Two magnets A and B were placed with their axes in 
line and their north poles opposing and 10 cm, apart. Each 
magnet was 10 cm long. Magnet B had a known pole strength 
of 100 units. Magnet A was of’ unknown pole strength. 
Plotting the fields by means of iron filings in the absence of any 
outside field showed a neutral point, i.e. zero force to occur at P 
4 cm distant from the north pole of A and 6 cm. distant from 
the north pole of B. Calculate, (a) the strength of A,, taking into 
account the effect of the north poles on ly and (b) the strength of 
A including the south poles as well. 

Derive any formula used. 

1968. Find an expression for the magnetic potential at a 
point near a short magnet ; hence deduce the values of radial 
and transverse intensities at that point. 

1971, 1974, 1975. Define a unit magnetic pole, magnetic 
intensity, moment of a magnet and magnetic potential at a 
point in a magnetic field. 
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Deduce an expreuion for the magnetic potential at a point 
due to a very short bar magnet. How docs the length of the bar 
magnet affect the potential ? 

1973, 1976, Define magnetic potential. Derive an expres- 
sion for the magnetic potential at any point due to a short 
magnet. Hence talculate the field intensity at the point. 



CHAPTER II 


riKES OF FORCE, TJNIFOHM MAGNETIC FIEEt)^ ' 
MAGNETIC SHEIi. > • • ' 


Art. 6 A magnetic line of force is a line snch 

that at any point on it the magnetic intensity 
is tangential to it. 



it S 

Pig. IS 


Lines of force originate from 
north poles and end on south poles. 
Thus in Fig. 13 at points A, B,... 
on the line of force NABS, the 
intensitj’ is tangential to the line 
and is directed away from the 
north pole. 


It is obvious from the above defi- 
nition that two lines of force can never 
intersect each other. For, if possible 



let two lines of force intersect at A. 


Ig. n 


Then at A we can draw two tangents, one to each of the 


lines of force. Thus, on this supposition the intensity at A 
will have two directions. This is physically impossible ; 
because the direction of the intensity at every point is always 


unique. 

If the potential be the same at all points on a surface the 


surface is said to be cquipotential. 

Since the work done in carrying a unit north -pole from 
one point to another is the difference of potential between 
those two points, it is obvious from the above- definitior 
(of an cquipotential surface) that no work is done it 
moving a magnetic pole along an cquipotential surface t i 
the magnetic intensity at any point has no component tangen- 
tial to the cquipotential surface. Or, in other words the 
magnetic intensity is at every point perpendicular -to the 
cquipotential surface. A line of force therefore intersects an 
cquipotential surface at right angles. 
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Art 7 Lines of force coming out of a pole may 

Tube of force divided into a number of groups, each 

group being called 
a tube of force. 
Obviously such 
grouping may be 
done in an infinite 
number of ways. 
Thus in fig 15 
there are eight 
groups or eight 
tubes of force. In 
magnetism the 
grouping is so made 
that tubes of 
Fig. IS force come out of 

a pole strength m. It is however customary not to use two 
separate expressions, — lines of force and tubes of force. Lines 
of force which are, strictly speaking, geometrical lines as 
defined earlier have got little importance. The tubes of force 
are therefore always referred to as lines of force. Thus we say 
that lines of Jorce come out of every pole of strength m. 

If we consider an imaginary sphere of radius r round the 
pole nil these i-nm lines of force cross this sphere. The 
surface area of this sphere being 4rrr* the number of lines of 

force crossing a unit area of this spbere=^^^ “ -p- But 



intensity at any point on the surface of the sphere is -p-. 

Hence we have the important conclusion : — 

The intensity at any point is equal to the number of lines 
of force crossing unit area round the point, the unit area 
being taken perpendicular to the lines. 

If the field be uniform the number of lines of force crossing 

Uniform everywhere be constant, 

field This is possible only if the lines of fores arc 
narallel. 
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Fit. 18 


The poles of the Earth are so far away that the Barth's 
field at any place may he regarded as onifonn. Lines of force 
at any place due to Earth’s magnetism are therefore parallel. 
Let a pivoted* magnet NS of pole strength m be inclined 

at an angle 6 to the horizontal 
component H of the Earth's 
field. Then the force on each 
of the two poles is «H. Since 
the forces on the two poles arc 
eqnal^ parallel and oppositely 
directed, they constitnte.^a 
conple. The moment of this 
conpTe**»»H X arm of the 
conple=mH x 21 sin ^ where 
Si is the length of the magnet. 
Bnt mx21'«M the magnetic 
moment of the magnet. 

Hence the couple on the magnet -MH sin 6 ... (9) 

Li this equation if 1 and 6 "■ 90 , M becomes equal to 
the conple on the magnet. Hence we get the definition of the 
magnetic moment [ Vide Art 2 ] 

A pivoted magnet when undisturbed rests in tbe N-S 
^ direction, f. «. along the direction of H. K 
^dlUtlon • however it is rotated from its mean . position 
of rest and then left to itself it oscillates a 
nnmbcr of times before again coming to rest. To find the 
I>eriod of this oscillation we proceed thus 

At any instant let S be the inclination of the magnet to the 
direction of H. From the well-known law of Rigid Dynamics 
we have for an oscillating system. 

Moment of intcTtia** X angular acceleration 

* By a pivoted magnet we incin a magnet balanced on a pointer so 
that it can rotate only in the horizontal plane. Compart freely 
anapended needle [ Art 11 > foot-note. ] 

If the magnet he rectangular in shape of length L and breadth B 
and if M be themaaflof tbe magnet the moment of inertia la given by 

12 



Hence 


moment of the external couple, 
for the oscillating magnet 
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Ix 


dt* 


— MH sin 0 


trhere I is the moment of inertia of the magnet. The minus 
sign is used because the couple acts in the direction of # 
decreasing. 

If is small, sin d*“d. > 




-MHtf or 


1 


-y- being a constant the angular acceleration is proixw 

tional to the angular displacement ; and the minus sign 
indicates that the acceleration is directed towards the mean 
jxjsitioh of rest. Hence the motion is simple harmonic and 
the time period is given by 




N. B. (1) Here H represents the Earth’s horizontal com- 
ponchti If there be other magnets in the • neighbourhood H is 
the resultant field due to the Earth and the magnets. 

(2) Instead of the magnet being pivoted if it be placed 
horizontally on a stirr-Up -suspended by a thin string and 
if the stirr-up (with the magnet) be allowed to execute angular 
oscillations, the time period is still given by (10). Thus if T 
the period, of oscillation be measured by a stop-watch and if I 
be calculated fromi the dimensions of the magnet the product 
MH can be found out by equation ;(I0). [ Vide Vibration 
Magnetometer, Art 16 ]. 

Magnetic moments of two magnets may also be compared 
by equation (10). Thus if Mi and Mi be the magnetic moments 
of two magnets .and if Ti and Ti be the periods of osdllation 
when the two magnets are successively placed on the stirr-up, 
We have • , " ■ ' ; . . 



ss 


Ti*"2’r and Tt — 2^\ 

'Wilf ' ' 


Iji-. 

MsH 


Hence by division \j^ Ji. . 


Ml Tss Ii_ 

Th«. field strengths at two points on the axis of,, a bar magnet 
at distances 25 cms and 20 cms./rom the centre of the magntty are 
in the ratio 125. : 256, Find the distance between the poles. 

Field strength at a point on the' axis is F ” -^^ 4 . 

Hence if Fi and Fj be the field strengths at the two points, 
2M X 25 !2M x20 . 25(20* Fi 125 

(25* - l*j» (20"- - 1*)* • • 20(25* - i*)* " F* “ 256* 

(20*^ IV 25 . 20*-i*. .5 

(25®-iV*"64 " 25* -1*" 8 


Fi-- 


or 


or I“5 


Hence the distance between the poles -siZ ”30 cms. V, 

A bar magnet is placed in the magnetic, meridian with its 
north pole pointing north. A magnetic needle suspended hcrigon- 
tdlly, vertically over the magnet makes 20 oscillations per minute.. 
If the polarity of the bar- magnet be reversed the needle makes 
82 oscillations per minute,' How many oscillations will it make 
when the magnet is removed f ‘ 

When the-north pole of the magnet .^is directed. towards 
north the field H' (at the centre, of the' needle) , due to the 
magnet - is opposite to the field H due to the Earth. When 
the polarity is reversed they ;act. in the same direcHon. : Hence 

' ■; , ■: ' >'sli 


I - _ 


60 


and 2*’ 


€ 


'M(H-H') 


20 

60 

'32 


-3 


.15 

-8 


(1) 

..( 2 ) 


''M{H + H') 

And if n be'the' number of oscillations per minnte when 


.the magnet is removed, —=2ff v! _1_. . 
- - n 'MH ' 


( 3 ) 


by division 


H + H' 

H-H'' 


4x*r__^q , 

45r*I 

225 

M{H-H') ® ^ 

M(H + H') 

" 64 

9X 64 64 . H' 


39H 

225 "25 ’ ‘ H ’ 

89 

89 ' 



Hence from ( I). S’!" / / 
/. from (3) — - 2s -vj 

■ ' Tt ^ 


39H \ 
89/ 


— 3 or 


V 60 


1-20 

^60 



‘fIk. « 


MH ^^89 
-26*68 oscillations permiante. 

■ Let the magnet NS make an angle 
■with the,: magnetic ..field H. Then • the 
couple on the magnet is MH, sin 0. If 
the magnet, be rotated .through .an 
additional angle d6 

: the.'worfc done — MH sin^ d6. 

.[In' linear motion •work- done— forceXdia- 
tanoc I in rotatory, motion work done— TOnple 
X angular distance ] 


Hence when the magnet, is rotated from one position to 
another total work done- MH sin® d® , . ■„ > (11) 

the limits of integration being the Values of $ correspond- 
* ing to the initial and ^hal positions of the hiagnet. ’ ’ ' 

Problem. Calcnlate the work done wben tbie magnet ia rotati^ 
through' 80* from tbe magnetic meridian. ' 

ir/2 


Work done 


r ”i2 r i*’/2 

- J MH sin® d®= MB[. co8 ®J - 


MH 


Consider 


a system consisting of a 
small magnct NS whose 
Potahtlal ahargy centre is O ’ and a pole 
uniform field of strength. ,r» placed at 
a point P, Let OP (=r) 
make an angle 6 with the axis of the 
magnet. Due to the magnet NS the 
M cos 6 



potential at P is 


».,e. the work 


done in carrying a unit North pole from 
M cos 6 


Pig. IS'-': 
infinity to P is 



u 

Hence the work done in bringing the north pole of strength 
fji to the point P) is ■" , », e. the potential energy of 

the system— the pole w at P and the small magnet NS— 

, THM cos ff .. . . 

w . Now suppose the pole m is.rcmovcd to infinity 

but at the same time « is made so large that ^ is finite and 

equal to H. The field due to the pole m thus becomes uniform 
and of strength 'H. Tfae magnet NS is placed in this uniform 
magnetic field of strength H and its potential energy is, equal 
to MH cos 0* 

N, B. I. It is to be noted that the north pole at P repels 
the north pole N of the magnet. If,* however, the magnet be 
placed in Barth s uniform field H of course represents 
Earth's horizontal component but since the north pole of the 
Earth atlraoU the north pole of the magnet, the potential 
'energy in this case is -MH cos • . . < ■ 

. 2. Since the pole tn is ultimately removed . to : infinity . so 
that the field is uniform, the, initial restriction that the magnet 
NS is small, may be removed. Thus the formula is true 
for all magnets, large or small, placed in a uniform magnetic 
field. 

I . , . • 

Arts Magnetic needle nodef the Joist action 

of Eartii’s field and another magnet^ 


Tan A 


Consider amag< 

potitlan 

H 

netic needle placed 



at the, point P in 
the end'On position 

: 

► N . . /P 

Pig. 19 

— »-p- (or . tan A position) 
with rMpect to the 
magnet NS. The 


needle is therefore ■ acted on by two intensities, (1) F 

due to the magnet, given by F- along 'OP produced 

M, r, 2 having their usual meanings, and (2) H the Earth's 
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borizoutal compoaent. If the magnet NS be placed in East- 
West direction, F acts along the same line ; since H acts 
along N-8 direction, F and H are at right angles to each other. 
The resultant intensity therefore makes ec angle B with the 

F 


direction of H where tan 6 — 


H ' 


Thus the needle which, 


in the absence of the magnet NS, lies along the magnetic 
meridian, is deflected through an angle 6 when the magnet 
is brought in. The angle 0 is given by 
* a F 2Mr 

tan 5- ^ 

M (r*-I*)* 

If the magnet NS be small, 2* may be neglected in compa- 
rison to r® ; in that case 

M 
H* 

Tan B E the point P be taken in broadside-on 

' P°*h'nn position { or Tan B position ) with respect 


• ir’ tan B 


( 12 ) 


{12a) 


to the magnet NS, the intensity 

M 

dne to the magnet is 

If the magnet be placed lin 
East-West position, this inten- 
sity is at right angles to H. 
Hence in this case a needle 
placed at P is deflected through 
an angle 0 given by 


H 

i 






o 

Pig. 20 


N 


tan B 

M 
H 


^T 


+ tan 0 


If 2 be small, 


il 

H 


"• r* tan B 


(la) 

(13a) 


M 


The Talue of can therefore be found out by either 
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of the two equations (12) or (13). The valne of I in the 
equations is an uncertain factor which cannot usually .be 
determined with sufiicient accuracy. This I can however be 
eliminated if the needle’^be placed at two different distances 
from the magnet. (Vide appendix A) - 

So far We have assumed without .any proof the funda- 
mental proposition, viz, the force between two poles varies 
9 inversely as the square of the ' distance 

Inverse Square between - the poles, — this is known as the 
Law of Inverse Square. That the force 
between two poles depends upon the distance, is obvious. 
That it varies inversely as the square of the distance) requires 
a proof which we now proceed to discuss. 

Let us assume that the force between two poles varies 
inversely as the n'* power of the distance, t. e. let the force 


mimt 


between two poles be equal to — ,j- ; the intensity at a dis- 


tance r is therefore given by F • 

Hence, considering the 
tan A position, the inten- 
sity at P is given by 


N 


Fig. 21 


Pj „ ^ A _ I Y'* _ J!!I fi ^ -LV” 

ir-ir {r + ir V r/ \ r J . 

neglecting square and higher 


m 


powers of ^ • 



2fnnf nM 

■ n+l 


Similarly for tan B position the 
intensity at P due to north pole 

along NP produced 


m 

’NP"' 


m 


7* 


and* the intensity at P due to south pole 


m 

’SP”'' 


m 




7i 


along PS 


Resolving these two in a direction. 


Fig. 22 
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parallel to the magoet the restiltant intensity at P is 
2m n 5m I M 


Fi 






, COS 

{r*-l3r'*(r*-r-}“ (r' + {»)-2 

M , .. i* 

neglecting — * 


M 


/ jx r 


Hence if we place a magnetic needle^ at P in the two 
positions {the magnet NS being placed E-W), the needle will 
be deflected by angles 6i and 0i in the two cases, given by 
r.M - Fi M 


tan ^ 1 *=^ 


H - Hr-i 


. tan 

tan 0i 

If the values of Bi and Bt be actnally obtained experitnen- 
' t?in ^ 

tally, it is found that — — 4 •=2. Hence wc conclude that 
tan Ps 

« — 2. Thtsisbnown as Gauss' proof of the law of inverse 
square. 

The inverse sqasre Uw may also bt verified ty the Torsion balacce. 
(Vide Art 28) 

Art 10 


Magnetic 

shell 


If a thin sbtct of a -magnetic substance 
be magnetised at right angles to its surface, 
1 . 1 . if north polar magnetism be distributed 
over one face and south polar magnetism 
over another, then we have what is knotMi as 
a magnetic shell. • ' 

, If at any point on its surface we con'^ider 
an elementary area d% the amount of pole 
strength over this area*' mdr, where m is ibe 
pole strength per unit area at Jliis point. 

Then the magnetic moment of the elementary 
magnet whoso end face is ds, 

“mdiXf where t is the thickness of the 
shell at the point. 

■’ di ds where - nt. 

I'lg. 23 




This or the product my. i is called. the strength of . the shell j 
the point. The strength of a shell atany point is therefore defined ; 
the product of.the pole strength per, unit area and thickness of tl 
shell at the point. It is therefore the magnetic momei 
Uniform ^.rez.- If this strength .be consta 

efeell at all points of the surface .the shell is said to be uc 
form. It is to be noted that in a uniforrn magnetic 'shell ncith 
tn nor t need separately be instant: it is enough if the prodt 
mx t remains constant • .... 


Pot«rtial;dne to a tmiform mignetic shell,- 

Consider an elementary area AB (.=ds) on the she 
The elementary magnet whose end face is AB is of lenj 
t the thickness of the shell. Its moment, is thcreh 



eqnal to mdt x t=^dt wb 
m is the polc-sfrcngth 3 
. unit, area .and ,^.tbe. streni 
of the shell. The poteni 
at any. point . P due to t 
• - ^ dici 

elementary magDet= 

[from ( 73 , where r is 
distance of ,'P from dsf at 
is the. angle between rand 
normal to,- -dt. ■_ Join .PA. 
and . drop AC perpendic 
to PB. ■■ 


Since r is pc'rpeiidicular to AC the angle between 
and ds is eqnal to the angle between r and the normal to c 
«. e. A BAG -5 - dscos e(- ABcosfl)-AC 

Hence the total -potential at P ‘ ' ' 



* Since 4s is inSnitesimslly small the distance ’of Pfron ^ 
or horn any point on 4s, may be taken to be eqnal ,to r.- . ' 
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Tvliere dot is the solid angle APB 
subtended at P by di. 

if the shell be nniform ^ is constant 
and may be taken outside the integral sign. 

< 14 ) 

■where to is the total solid angle subtended by the entire 
shell at P. 

N. B. (1) If P faces the south polar side of the shell the 
potential atP is — 

(2) If the medinm, instead of being air, be a substance 

IffCO 

whose permeability is ft the potential at P is 



Consider a uniform shell AB of any shape and consider 
two points P and Q. P ^on the north jwlar 
Work done side and Q on the south polar side of the 
shell, the points being close to each other. 
Then solid angle APB and x solid angle 

AQB. If the points P and Q be 
sufficiently close solid angle AQB>“4r- 
solid angle APB“4r — to if to «» solid 
angle APB. 

Vp-^to 

and “ — ^(4r: - to) •« ^{to — ^ nr) 

V -V -4;rd 
P Q 

Hence the work done in carrying a 
unit North pole from a point close to 
the shell on one side to another point 
also close to the shell, but on the other 
side"4r^. It is important to note that 
the path along which the unit North 
pole is taken from P to Q, must nowhere 
cross the shell. 


(15) 



Potential *t any point within a tmifona shell 
l,et P be any point within a uniform shell of strength #. 
Let AB he a line passing through P and perpendicular 
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to the faces of the shell. Throngh P imagine a plane 
passing within the shell so , that , the shell is 
decomposed into two uniform shells whose thicknesses 
are AP and BP, Since the strength of a shell is propor- 



tional to its thickness the strengths of the two component 

AP pp ' 

shells are § and § If A be on the north polar 
Axi AH 

face of the original shell the point P is on* the south polar 
face of the first component sjiell (whose thickness is AP) and 
on the north polar face of the other component shell (whose 
thickness is BP). 

Hence total potential at P . > < 


pp A P ' * 

+ (ci>-4jr), [ from (15) 3 , 

where is the solid angle subtended ty the 
shell at P. ^ ' 

, AP + BP AP ■ 

AB 
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Special Cases : — 

(1) ]f P coincides -with A, 'AP“0, ; 

(2) If P coincides with B, AP“AB, V —§[w ~i^) 


Let AB be a uniform circular shell of strength 4>- Let P be a 
point on the axis of the shell at a distance b from the centre O of 
the fhell i.e. OP=b. On the shell two concentric circles are 
. drawn with centre O and radii equal tor and r-\-dr. 

^ * The elemenury portion between these two circles is of 

" area 2 t: rdr. The line joining P to any point C.on this 
elementary area makes an angle S with the normal to the shell; hence 

. . b - V 

^CPO=0, PC=y i’-br^ and cos - 

(Since is the strength of the shelhthe -magnetic , moment of 
the elementary portion of the shell is 2tTrdr!^. Thus, the potential 

at P due to' this elementary portion is — [Vide (7) Art 4]: 

Hence the .total , potential at jP due 
to the entire shell is given by , 


rdr, ^coi 9 . , ’ 


where a is the radius of the shell 




-. 0 . 





Let r* ■ xdx==rdr'.’ ' '' • 

When r=9. x==b and when r=fl 

Hence changing the variable and alVo the limits ' 
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f Vc* +6* rj, f Va" + 

V==2r.bA 

b b 


Va*+l>* 



^Exercise II . 

' !• Hon did Gaust proro that £be force between two 
magnetia obargea raries ioTenely as the tqnare of the distance 
between tbem. C. U. 1930 

2. Diseaes the eignificanoe of the ‘'inrerse square law" as 
applied to Electricity and Magnetism. Devise an experiment 
to prove the validity of the law for a magnetic field. C. 17. 1914 
S. Two bar magnets of m'oments'M and M' and of equal 
length are placed on a fioatiug piece of cork so that they are at 
right angles to oach other, their north poles being in contact. 
If M*>2M' find (a) the angle which the magnet M makes with 
the magnetic meridian in the equilibrium position (b) through 
what angle the system wonid rotate when the poles of the 
magnet M' are reversed. Ans, (a) 26° 34' (6) 63* 8'. 

4. Two magnets, the moment of one being double that of 
the other, are rigidly connected at the centre so that they make 
an angle of 60* with each other, similar poles being near each 
other. If this combination be suspended from the centre find 
the angles which the magnets in the equilibrium position 
make with the magnetic meridian. Ans. 19“ 6' and 40* 64', 

5. A bar magnet bong horicontally by a fine wire lies in 

the magnetic meridian when the wire is without any twist. 
When the top of the wire is twisted through 150° the magnet 
is deflected through 60° Through what further angle must the 
top of the wire be rotated so as to bring the magnet perpsudi- 
cular to the magnetic meridian ? Ans 23'2* 
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6. A magnet 20 oma. long and of pole Btrongth 20 nnits is 

suspended at a place where H=0‘18, Find the couple required 
to deflect the magnet (i) through 30* (ii) through 90°. Find 
also the work done in turning the magnet from the magnetic 
meridan through 90* Ans. (i) 36 (ii) 72 ; 72 ergt. 

7. A small magnet makes 20 oscillations per minute. 
When a her magnet is placed in the magnetic meridian duq 
north of the small magnet, the latter makes 23 oscillations per 
minute. What would be the frequency if the bar magnet be 
placed in the same position with its poles reversed ? 

Ans. 4 oscillations psr minute. 

8. A horizontally suspended magnet vibrates 12 times a 
minute at a place where H*~0‘18. How many times per minute 
will it vibrate at another place where H=0*26 ? Ans 10,,/2 

9. What are the factors that afleot the period of oscilla* 

tion of the vibration magnetometer 7 ’ . 

Q?he period of oscillation of a vibrating magnet is T when 
under the influence of the Earth's bold. When a bar magnet 
of magnetic length 16 cms., is placed with its centre 20 oms. 
east of the vibrating magnet and with its axis parallel to the 
magnetic meridian the period it rednoed to T/2. > What la the 
pole strength of the bar magnet and whiob polo points north ? 
[H'>"0 2]. Ans 874'9 ; South pole. 

10. What is a magnetic shell 7 When is it said to be 
uniform 7 Obtain an expression for the potential at a point 
due to a uniform magnetic shell. 

A uniform magnetic shell is of the shape of a eironlar disc. 
Find the potential at any point on the axis of tbs disc. 

C. U. Questions 

1963. What is meant by a magnetic shell 7 Derive an 
expression for the potential at a point due 4o a uniform 
msgnctio shell. Apply it for the calculation of the potential at 
any point on the diameter of a hemispherical shell. 

1964. Find an expression for the work done in deflecting a 
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msgnet from its position of rest in a uniform magnetic field. 

1965. What is a magnetic shell? Show that the potential at any 
point due to a uniform magnetic shell is given by the product of the 
shell strength and the solid angle subtended by the shell at the pomt. 

A magnetic shell is in the form of a disc of radius 6 cm and 
thickness 5 ram. Its surface density of polarity is 5.C.G S. units 
per cm^. Calculate the potential on the axis of the disc at a distance 
of 8 cm from its centre. 

1965, (New course) Show that the period of oscillation of a 
magnet of moment M in a field of rtrertgth H is given by 

T=«2rt / — ^ ’ where 1 is the moment of inertia of the magnet 
V MH 

about the axis of suspension. 

Describe the magnetometer working on the above relation and 
show how this can be used to compare the Earth’s magnetic field at 
two different places. 

1970. What do you mean by strength of a magnetic shell ? 
Obtain an expression for the potential and intensity at a point due to 
a magnetic shell. 

A magnetic shell is in the form of a circular disc of umlorm 
thickness. Find the potential at a point on the axis of the disc. 

1972, Calculate the work done when a bar magnet of length 
2/. originally placed along the magnetic meridian of horizontal 
intensity H, is rotated through 90°. 



CHAPTER III 


TKERKSTRIAI. MAGNRTIBM 


Asiswell-knownfrom the behaviour of the compass needle 
the Earth is a huge magnet with its magnetic 
Art 11 north and south poles situated somewhere 
close to corresponding geographic poles. 

It is to be noted that since unlike poles attract each other - 
in any magnet the pole which is attracted. towards the nortt 
pole of the Earth should be called a south pole ; but it It 
our convention to call it a north seeking pole or a north pole. 
Thus the north pole of a magnet is attracted by the north 
pole and repelled by the south pole of the earth. 

At any place P on the Earth's 
surface the intensity due to 
Earth’s magnetism is partly due 
to the north pole and partly due 
to the south pole of the Earth, 
i. e. a unit north pole at P is 
attracted towards the north pole 
and repelled by the south pole 
of the Earth, these forces varying 
inversely as the squares of the 
corresponding distances of P 
' ■ Fig.' 27 ' from the two poles. The 

resultant intensity or the total intensity I Is, in general, 
inclined to the horizon of the placd. This angle of inclination 



to the horizon is known as the inclination or dip at the 
place. Thus we have the following definition : — . 

The inclination or dip at any place is the angle which 


Inclination 
or dip 


the total intensity due to Earth’s magnetism 
makes with the horizon of the place. i 

A freely* suspended magnetic needle lies 


• By 8 freely Butpended needle we mean a needle angpended from 
its centre of gravity, Bo that it can rotate in all possible plane*. Compare 
pivoted needle, Art 7. footnote. 
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along the direction of the total intensity. The inclination to 
the horizon of a freely suspended needle therefore measures 
the inclination at any place. 

If we resolve the total inten* 
sity I along the 

H and V horizon and along 
the vertical, the 
two components are known as 
Earth’s horizontal component and 
Earth’s vertical component." They 
are generally represented by the 
the letters H and V respectively. 

< ' i 

V ' 

H—Icos^ — "tan® 

JlI > 

V-Isin^ H‘ + V*=I* 

It is obvious that of. the four quantities I, H, Y and 6 if 
two can be determined experimentally the other two can be 
obtained by calculation from the above four equations. 

The three elements of Earth’s magnetism 

Art 12 are (11 Declination (2) Inclination or Dip and 
(3) Earth’s Horizontal component. 

Of these the first remains to be defined. Geographical 
poles of the Earth are situated at the ends of 
Declination the diameter about which the earth rotates. 

Magnetic poles though .very near, to the 
corresponding geographical poles are not exactly coincident 
with them. At any place on the .surface of the Earth lit us 
imagine two planes— one passing through the magnetic north, 
magnetic south and the zenith of, thevplace and the other 
through the geographical north, geographical south and the 
zenith. These planes arc known as magnetic meridian and 
geographical meridian respectively and the angle between 
these two planes is called the declination of the place. 

j 



Thus if B be the inclination 

/ ' 

t 

(16) 
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We shall now discuss methods for determining these three 
elements. , ' ' 

Art'13 Declination (D) 


Place a compass needle on a piece of paper stretched over 
■ : a horizontal drawing board. The positions of 
^•rldJan needle are marked on fte 

' papeTi with a pencil. -The line joining , these 

two points indicates the direction of the magnetic meridian.. ■ 

. Fix up a rod vertically on the same drawing board ont in 
, ' ~ . ... the open son. In the morning . when the Snn 


- in'.. the .East the .shadow -of -the rod-" .is 

. ' - towards the West and is fairly jong. . In the 

evening when the Sun goes towards, the West the shadow is 
; . towards the East and is also long. At about mid-day when 
the Snn is almost* over-head the .shadow is of minimum sire 
and lies along the geographical Nqrth'Sonth .direction. : Hence 
the proceednre ; — r --i.'. 

Watch the shadow ; when its length is minimum _ , draw a 
line along the shadow. This -line; gives ns the -direction of 


the geographical ineridiim,.,, ; . . , 

The .direction .of . the magnetic - and the - geographical 
meridians being, obtained in this way the, angle between them 
, , gives ns .tte dccUnation D at tte place. , . 


ArLiif 


. Indlnafion or Dip,. 


, Inclination or. Dip- at any . place can be best .drfermined 
- by an apparatus : known as , "Dip circle”. 
; It 'essentially; xonsists j. of' a jlairly -long 

magnetic ..needle supported*'' at .the centre -of 
a vertical circle A A. The circle is graduated in each 
quadrant from 0* to 90V„.the .; line -joining 0° - 0® 


•At places on the Earth between the tropic of Cmncer , and Tropic of 
Cipricorn the Sao'comM exactly oyer-heard at midday' only bn' two 
dayi-in the year. At places outside this region the Son It never over- 
head on any day in the year.. . 
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= being horizontal. ' The -needle. is. so supported .that it can 
rotate only in the vertical 
plane, i. e. in the plane 
of the graduated circle A A. 

This circle can also be. 
rotated about a vertical 
axi.s ; • the amount of- - 
rotation can be ' read off 
from another • horizontal - 
graduated circle BE. The 
•whole instrument rests bri 
' three levelling screws by 
means of 'which it may be 
levelled. - ‘It is obvious that ' - 
when the plane of the 
vertical ‘circle coincides 
■'with the 'magnetic meridian 
the inclination of the 
needle to the horizon' gives us the dip. 

There are two wayb'bf using this instrnihent, ''' ' ' ’ 

In any position let the plane of the vertical circle A A 
make ah angle 8 •with the magnetic meridian. Then the com- 
ponent of H dlong the plane A A, is H cbs S ; 
the other component H sin' 8 'perp to 'the 
plane has no effect on the needle (because the 
needle can rotate only' in the plane A A). Thus the needle 
is effectively acted on by : two intensities, the Vertical' com- 
ponent V 'acting vertically and the component H cos 8 acting 
horizontally. If in this positi'bn be the inclination bf the 
needle to the horizon (f.-e. apparentdipl ' ' 

''v- ' '■ 



Fig. 29' 


First 

method 


tan Oi' 


H cos S’ 


The vertical circle is no^w rotated through 90’ and the nerv 
apparent dipj^a is again noted. The planVA A now makes an 
angle 90* + 8 -with the magnetic meridian. Then, the apparent 
dip fls is given by ' , . /i. ; 
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tan 


V 


Hence Cot*0i + Cot*^* 


H cos (90' + S) 

H* cos*S 


V 

H Bin 8* 
H* sin*S 


5 ! 

V* 


Cot'0. 


, (17) 


Second 

method 


where B is the true dip. [ Vide (16) ] 

.Thus measuring and 6t, 6 may be determined. 

If the plane of the vertical circle AA be brought perpen- 
dicular to the magnetic meridian the horizontal component 
H (which acts along the magnetic meridian) 
acts perpendicnlarly to the plane AA and 
has therefore no effect on the needle. The 
needle in this position being effectively acted on only by the 
vertical component. V, becomes vertical. Hence the following 
proceed ure is adopted : — ' - 

Rotate the vertical circle A A until the needle is vertical. 
The plane of the vertical circle is now perpendicular to the 
magnetic meridian. It is rotated further ..through an angle 
■ of 90* : the plane now comes in the magnetic meridian. The 
inclination of the needle to the horizon is then read off from 
the vertical scale ; this gives us the dip. 

There are several sources of errors which 
Errors must be eliminated before the correct dip is 
obtained. 


90 



(o) The centre of the needle 
may not coincide with the centre 
of the vertical circle. Thus with 
the needle in the position ns 
the correct dip is or a' ; the 
reading n is too low, whereas 
the reading a is too high to an 
equal extent. The error ’ is 
therefore eliminated by noting 
the readings of both the ends 
n and a and taking the mean of 
these two readings. 
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ib) Tho Q^-O" Zina may not be horizontal. Let a'i' De 
the O’-O* line slightly inclined to the correct horizontal 
line ab. If NS represents the position of the needle the 
readings N and S are both too small. This error is eliminated 
by rotating the vertical circle through 180*. The O’-O* line 
a'b' now takes the 
position 0 * 6 *. * The 
position of the needle 
which is controlled by 
Earth’s total intensity 
however remains un- 
changed. The readings 
N and 8 are now both 
too high to an equal • 
extent. The mean of 
the previous and the 
present readings gives 
the true dip. , 

(o) The magnelio axis of the needle may not eondde with 
the geometric ‘‘axis'. Let ns* represent the magnetic axis of 


1 « 


Fig. 82 

the needle whose geometric axis is ns. The correct readings 
should be those of n' and The readings n and * are therefore 
both too small [ Fig. 32 (a) ]. The needle is now reversed in 
'its bearings. The position of the magnetic axis nV relative 
to the dip circle remains unchanged. But the geometric axis 
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is now inclined the other way to nV [Fig. 32 (&) 3, The 
readings n and ^ -are now too high. The error is therefore 
eliminated hy taking the mean of the previous and' the present 
readings. 

(d) The centre of gravitv of needle may not coincide with 
the axit of rotation of the needle. Let the C. G. be sitnated a 



Then the weight of the needle brings the noith'.pole a i little 
downwards. The readings are therefore too low. This e^or 
is eliminated by re-magnctising the needle so that the polarity 
is reversed. The end nearer the'C.'G. now becomes a south 
pole; .which ,, is consequently Wqught a. little downwarfs 
[Fig. 33(6)]. The readings are therefore fob .large. The 
mean of these two sets of readings gives the true dip. 

The C. G. may ai«obe dUpIiced perpendicular .to the axis of the 
needle. > But Ihia . error. . ii - automatically eliminated, during the 
proctedure (cl. 'irhen the needle ia rerersed in ita bearings. 

/ Art 15. Earth’s Horizontal Component; " ” 

The measurement , , of H , consists, of tW . separate 
experiments, first by Deflection Magnetometer and secondly 
by Vibration Magnetometer. ;r : - ; 

' Deflecilon Magnetometer, ■ ■ - ■ ■ - 

,, .It essentially consists of a short magnetised needle pivoted 

at the centre .of a graduated, circular scale ; a' long pointer 
usually made of aluminium is rigidly attached at right angles 
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to the needle- The movement of this pointer along tbs 
grednated scale gives the angle of deSection of the needle. 
The base board is prolonged on opposite sides of the circular 
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scale and a centimetre scale is fisted on each of these arms. 
These scales are so graduated that the 'zero’ marking of each 
of them coincides -with the centre of the magnetic needle. Thus 
the distance from the centre of the needle of any magnet 
placed along the scale may be read off directly from the scale. 

Adjust the magnetometer so that its arms are perpen- 
dicular to the magnetic meridian. Place a bar magnet along 
the scale at any suitable distance from the needle. The needle 
is now in 'Tan A’ position ■with respect to the magnet. If f be 
the angle of deflection of the needle we have by (12) [Page 26]. 

— mts li « — — .1—1 II 

fl - 2r 

of the magnet from the needle and- 21 is the length of the 


tan where r is the distance of the centre 


magnet Hence ~ can be determined. 

N. 2. (1) The ariuB of the magnetoiaeter can be placed in the 
magnetic meridiec alao. In thia case the bar magnet ia to be placed 
perp. to the arm ; the magnetic needle is in Tan B position tritlr respect 
to the magnet red the formula is 

“ “ ' tan 

H 

(2) Whether wc vee tan A or fan B position the dedecflng magnet 

mnst al-waja "be to the magnetic meridian so that at the centre of 

the needle the intensity doe to the Earth and that due to the magnet 
are at right angles to each other. Otfaervise in either of the two 
positions if the magnet be pl«ced along ^Ihe magnetic meridian («. e. 
perpendicnlar to the scale ■when the arms of the magnetometer are 
East-west or along the scale when the arms are B'orth Bonth) the fwo 
intensities lie along the same direction and the needle is not defiected 
at all. 

(3) Strictly speaking, 21 is not the length of the magnet 
it is the distance between the poles of magnet- There is 
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therefore a small error If greater accnracy is wanted I may- 
be eliminated by placing the magnet with its centre at two 
different distances n and rt and noting the corresponding 
deflections and 6t of the magnetic needle. The equation is 


n® tan 9i -rj® tan 6t 


then 

M Ti® tan Bt -r^ tan di 




in ‘tan A’ position and 


n* - rs* 


H 


Vibration Magnetometer. 


in tan Bposition, [Vide Appendix A]. 


In this instrument a stirrup is suspended by . a fine string 
within a glass vessel. At first a heavy weight is placed on the 
stirrtlp so that the string is completely untwisted. The heavy 
weight is now removed and the bar magnet is placed on the 
stirrup and as, the magnet swings to and fro the period of 
oscillation is measured with a stop watch. The moment of 
inertia of the magnet being calculated from its mass, length and 
breadth, the product MH can be determined by (10) [Page 21]. 

Bence, knowing ~ from the deflection experiment and 

MH from the vibration experiment, the valne of H can be 
found out. 

* « r 

K 

U. B. From the T«Ine» . of — and MH thus found out the ralue of 

tL 

M can also be deteimined ; and if 21 the diatance between the polea 
be known, w the strength of either pole can be calculated. 

If the frequency of a maqnet oieillatiftq horieonlaUy it 60 per 
minute at a place %ohero the dip is 60* and 40 per minute at 
another place lohere the dip it 46* ecinpare the total intensities at 
the two placet, . . < 

If Ft & Ft be the total intrasities and Hi &'H»the horizon- 
tal components at the two places Fi cos fiO’-Hj and. 
P»cos45*-Hs ' ■; 


From (10) [ Page 21 ] 


and 



1 ‘ ^§0 

MBx 60 

1 60 


1 

2 



bj division 


Jm 

Fi 

F*' 


£ 

2 

9J2 


. Hi 

-3M8. 



Fi cos 60* 9 » 

F* cos 45* 4 


At a certain place the angle gf dip is 60'. When a might of 
one gm it attached to the upper end of the dip needle the inoUna- 
ion it 80'. What weigllt attached to'the sane point would make 
the needle horizontal t 



. (1), ■ ' / ' «e.ss * (2) 

la Fig. (1), taking moments about the centre 

V. 21 cos 30’ -H. 21 sin 30*+ Ig. I cos 30° 
or 2 <s/3.V=2H + pV3 ••• ••• ( 0) 

Ifl Fig, (2), taking moments abont the centre 
'W.2l"‘mg.l or Y'^img 

where m is the regoired mass, t 
S abstitnting this value of V in (o) n/S.fTW— 2H + a ^/3. 

.% H - i ff a/ 3 (m -1). But tan 60* - 


or 


V3 


m 

v^3{w-l) 


3(m -!)-•«» « — I'Sgms. 


The Kew form of magnetometer is a. combined apparatus 
for measnring the declination D and the 
Art 16 horizontal component H. ^t essentially 
m»5Rtstom«tor consists of the magnet Mi and the telescope 
Ti for measuring D and the magnet Mi and 
the telescope Tt for determining H. A graduated brass 
bar BxSi fixed perp. to the axis of the telescope Ti carries 
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the deflecting magnet Ms. The upper portion of the - 
instrument containing these magnets and telescopes can be - 
rotated round a vertical axis, the amount of rotation being 



given by a graduated circular scale at the' bas^e.' The whole 
instrument rests on three levelling .screws. , , ; . ..... 

Determination of D by Kew.njtgnetometer, 

To find the declination D the; magnet Ui and the - telescope - 
,Ti arc used, another magnets beingremoved, 
mSfTdlan ‘ ‘ from - the apparatus. . . The magnet ' .Mi 
- ' t suspended from A by a single fine , wire; is a - 

magnetised hollow cylinder at one -end of which a scale on ; 
glass and at the other end a convex lens are fixed, the :lens 
being at the end neater to: the -telescope ■ Ti. The* len^ of : 
the magnet being eqnal to the focal length of the lens the 
scale (illuminated by light reflected from, the' mirror m) is 
clearly seen by the telescope Ti focussed for infinity; The : 


46 


telescope is rotated tiPtil the central marking of the scale 
coincides with the vertical cross wire of the telescope. 
Readings of the circular scale at the tasc arc taken to note 
down the position. In order to remove any possible error 
due to the geometric axis of the magnet not coinciding with 
its magnetic axis, the magnet is turned upside down and 
readings are again taken. The mean of the previous and 
present readings gives the direction of the magnetic 
meridian. 

To determine the geographical meridian the mirror m is 
so adjusted that the axis of its rotation is 

meridian horizontal and perp to the axis of the 
telescope Ti. The magnet Mi is removed 
and the instmment is rotated until an image of the Sun as 
reflected by the mirror ro is seen in the telescope. The exact 
instant when the centre of the Sun crosses the cross wire of 
the telescope is noted by a chronometer. Then knowing the 
latitude of the place the azimuth of the Sun can be obtained 
from the National Almanac. The telescope is furtherjotated 
through this angle of azimuth ; the axis of the telescope now 
coincides with the geographical meridian. The difFcrence in 
readings of the circnlnr scale for the two positions of the 
telescope pointing magnetic and geographical meridians, gives 
us the declination D of the place. 

Determination of H by Kew Magoctomclcr. 

To determine H, as described previously the instrument 
is rotated until the axis of the telescope Ti lies along the 
magnetic meridian. The telescope Ti being always parallel 
to Ti is also thus brought in the magnetic meridian ; the brass 
bar SiSs being perpendicular to the axis of the telescope T», 
is now in the East- West position. The nlagnet Mi is removed 
and the magnet Ms is suspended by a fine wire from the same 
point A. A small mirror i.s attached to the end of the magnet 
Ms nearer to the telescope Ts, A small scale S at the top of 
the telescope T»is reflected by this small mirror and is seen by 
the telescope Ts. With the deflecting magnet Ms removed, the 
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marking of the scale coinciding with the cross wire of the 
telescope, is first observed. The same observation is repeated 
when the magnet Ms is brought in its position. From the 
difference in the two readings, the deflection of the magnet Ms 

is known and hence for the magnet Ms can "be calculated 


by (12) [Page 25l. Te find the product MH the deflecting 
magnet Ms is placed in the position of Mj, all other magnets 
being removed. As it oscillates it is observed by the 
telescope Tr and the time period is determined by a chrono- 
meter. Thus T is determined. Hence meaBuring I, MH can 
be determined from (lO) [Page 21]. 

It has been observed that all the three elements of Earth’s 


Art 17 

Continuous 

records 


magnetism at any place arc never constant ; 
they undergo small but systematic changes. 
It is a matter of great importance to observe 


and record these changes continuously.' An inslmment 
known as magnetograph has been devised to record these 
changes automatically and continuously. For this purpose 
the three elements chosen are the declination D, the horizontal 
component H and the vertical* component V. 

, Since the direction of geographical meridian at‘any place 
is always fixed the variation in the declination D is entirely 

.due to changes in the magnetic 
meridian at the place. To get a 
continuous record of this change 
a magnet suspended, from a fixed 
, point by a fine wire is enclosed in. 
a hollow, rectangular copper box ; , 
As the magnet oscillates induced + 
currents generated in the copper 
of the box serve to damp the 
Fig, 37 oscillations. The magnet always 

lies along the magnetic meridian and the direction of the 



* It may be seen that the element iocllnation or dip can be easily 
found out if both H and V are known. i 
t Vide Chapter XVI. 
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vertical mirror is attached to one end of the magnet. A beam 
of rays is reBected by this mirror and is afterwards concen- 
trated to a point bv a convex lens- A photographic paper 
wound on a rotating drum receives this point image ; tire 
photographic paper in this case moves .in the iorizontal 
direction and a continuous record of the variation of V is 
made on the paper. 

The three records for the variations of D, H and V may 


conveniently be on the same photographic paper. 


Artis 

Magnetic 

variations. 


All the three magnetic elements are found 
to undergo steady and systematic variations. 
These variations can broadly be classiBed 


under three headings. 

(l) SecnlarVariation. This is a long period variation. 
The declination in London was 1 1' 15' E in 1580, 5“ 30' E in 


1600 and 0° in 1659. The declination then turned westward 

becoming lO'SO'W in 1709 and 
reaching the maximum value 
24‘’30' W in 1820. .Itias since 
been slowly decreasing. It is 
expected that it will again 
be zero about the year 
2139. The magnetic system 
is thus found to rotate slowly 
from east to west, making a 
complete revolution in 960 
years The magnetic north 
pole describes a small circle 
of radius equal to I/" as can 
Fig- SS be seen from Fig 38. 

Similar secular variations in ipclination and horizontal 
component arc also observed. In Liondon inclination reached 
the maximum value 74* 42' N in 1723. Since then it has been 
slowly decreasing at an average rate of about IT' per year. 
The horizontal component on the other hand has been found 
to be steadily increaeing at about 0‘00002 unit per year. 
Complete cycles in these two cases cannot yet be deduced. 
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(9) Diornal Variation.* The eletnents are also found to 
undergo diurnal Tariations. Variation in the declination in 
London is shown by the cnrre A in Fig 39. Just before 
8 A. M. this reaches an extreme value of about 4' east of its 
mean position ; afterwards at about 1 P. M. it reaches the 
other extreme value 5' West. , v ^ 



,^~£cUiniit(eK 

'S—SfvuxonZiU 
>jg. 39 

Similarly variation in the inclination represented by the 
curve B has two extreme values, one approximately at 
n A. M* and the other at 7P.M. But variations are much 
smaller in this case. In the case of tbc Horizontal component 
(curve C), the maximum and minimum also occur at about 
7 P. M. and 11 A. M. respectively. 

(3) Annular variation. An annular variation in declination 
has also been observed. In London the maximum easterly 
deviation occurs in Angu.st and the westerly in February, the 
amplitude of variation being about 2'2'« In Northern and 
southern hemispheres these variations occur simultaneously 
but in opposite directions. 
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Beside these variations there are occasional sndden 

Magnetic and violent fluctuations ; these are known 

storm .. . 

as magnetic storms. ^ ^ , 

The theory of terrestrial magnetism is not yet fully 
developed. Although according to Gauss the magnetic 
effect at any place is primarily due to some source within 
the Earth Schuster. and others are of opinion that at least 
diurnal variations and similar other effect owe their origin 
to some source external to the Earth. It is now definitely 
known that round the Earth at a height of a few miles 
there are several layers of electronic belts. The concentration 
of electrons in these belts depends—partly at least — npon^ the 
solar radiation and therefore undergoes a diurnal fluctuation. 
Electrons are also in constant motion producing electronic 
currents. It is believed that these electronic currents produce 
corresponding effect on the magnetic elements of the Earthj. 

Sunspots frequently seen on the surface of the Sun are 
found to be closely associated with the magnetic effect on the 
surface ' of the Earth. The ' frequency of 
sunspots is found to undergo a complete 
cycle in an elevenycar period. Variations 
in the magnetic elements of the Earth arc strongly correlated 


another 


with this eleven year cycle. 

Out in the open sea 'the captain of ship 

Art 19 ^ jjjg direction with the help of what is 

Mariner* , ^ 

Compas*. Mown as Manner' z Compau. A number 

of short magnets is fixed parallel to one 
another on a circular card board yrivoted at the centre. 
The circumference of the cardboard is marked by 32 
directions which are'kudwn as the points of the compass. The 
N-S direction is specially indicated by a crown. The vertical 
pivot on which the cardbord rests is fixed to a base B. It is 
essential that the base B is always horizontal e'^en when the 
ship is being tossed by the waves of the sea. This is done 
by what is known as G^haUt arrangement. The base B 
is attached ' to. a-rjing AA at two diametrically opposite 
points about whicfe,4.t,^CMffteiy'fbtat«r^'Thyring^!A again 
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is attached to another outer ring CC at .two diametrically 
oppo.site points abont which it can freely turn. The axis 
of rotation of B is perpendicular to that of AA. The ring CC 
is attached to some suitable stand on the ship. When the 
ship is tossed by the waves 
the outer ring CC of course 
turns though various angles 
along with the ship. But 
obviously the base B 
remains unaffected. 

The Mariner's compass 
indicates the direction of 
the magnetic North pole. 

The 'direction of the geo- 
graphical North pole makes 
with this an angle equal 
to the declination of the' 
place. Measuring the latitude and longitude of the place by 
usual methods the declination can be found out from the 
Nautical Almanac and, hence the direction of the geographical 
North pole can he determined. 

The permanent magnets and soft iron 
of the ship however affect the compass. 
To find the effect due to permanent 
magnets we suppose that the permanent 
magnets are equivalent to a single magnet 
of moment M placed along thekecl ABof 
the ship. At any time when this makes 
an angle 6 with the magnetic meridian 
the coniponent of M perpendicular to 
the magnetic meridian is M sin 6 and 
the couple tending to rotate the„ compass 
magnets is proportional to M sin 
Clearly this changes its sign when 6 ' 
passes through 180*. The effect is therefore called semi- 
sireular deviation. This is corrected by suitably placing small 
permanent magnets near the Mariner's Compass. 




- Fig. 40 - ' ' 
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To find the effect dne to the soft iron we suppose that the 
soft iron in the ship is equivalent to a single piece of soft iron 
placed along the keel AB of the ship [ Fig 41 j. This is mag- 
netised by Earth’s Horizontal component H. If at any instant 
the keel AB makes an angle B with H the magnetic moment 
induced in the soft iron is proportional to H cos 6 and 
hence the couple due to this on the Mariner’s Compass is 
proportional to H cos 6 sin 0. ue. to i H sin 25. Obviously this 
changes sign when 26 passes through 180”, t.e. when 5^ changes 
by 90*. This is therefore called Quadrantal deviation. This 
ia corrected by placing suitable hollow spheres of, soft iron 
near the Mariner's compass. 


Exercise III 

1. A compass needle is in tan'A' position' with' respSot to 
a short magnet pieced in East.We’st direction. In a certain 
place a certain dofiection is produced when the distance between 
them is 25 oms. At another place, in order to produce the 
same defieotion the magnet has to be pnshed 5 ems towards 
the noodle. Compare the horizontal forces at the two places. 

' " Ans. 64 : 125. 

2. What is meant by the horizontal intensity of Earth’s 

magnetic field ? Explain what observations are neofessary for 
the determination of total intensity of earth’s magnetic leld 
at any given place C_ 

3. How is the horizontal component of the earth’s 

magnetic field determined ? " ' ’ 

At a place where the angle of dip is 45' and the total inten- 
sity is 0’4 a magnet vibrating horizontally makes 10 oscilla- 
tions per minnte. Calonlate the nneeber it wonld make"' at a 
place where the 'dip is 60" and the total intensity is 0'6, ’ 

J L ! . 

Ans. 9*40. 

4. Explain how the magnetic meridian at any place may 
be determined with the help of a Dip Circle. 
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The apparenfc dip'indidat'ed by-a Dip oirble ' in any. position 
is 60 V ^'If the Dip circle be rotated tbronghv 90°, the' apparent 
dip changes to 45*.- Find the trnc dip’at the place. Ans. 40* 54’ 

- ' 6. • Explain why, in' determining the - dip a£ any place by a 
Dip'^oiroie' it is necessary to reverse' tbe polafity^of the needle.- 
' '-■-'6. ’ Describe'' the -Dip Circle 'and ’e'lplain '-how -yon- would 
determine' by means of it (a) the magnetic 'meridian (6) the-dip.' 

- V/hat are the various -errors which may -arise - in the 
determination of dip by means of a Dip* circle and ' Ehow'*h£)w 
they arei' eliminated.- .. r v ' 
T.-'lf O' be'' the apparent' dip when the' ^plane of- the-' Dip 
circle makes an angle « with the magnetic meridian, prove 
that the trne dip 0 is given by the equation 
tan d = tan O', cos “ 

8. Explain what yon mean by a magnetic map ? How is 
it prepared ? - 

Describe an aoonrate method for Onding the declination of 
a place. How would you- arrange for the pbaeryation of its 

daily .variation;? , .... 

9., Describe a • Mariner’s ^ Compass and explain by wbat 
arrangement the Compass needles arc made to remain alvrays 
horizontal even when the ship is tossed by the waves. 

Explain bow the compass is aSeoted by permanent magnets 
and soft iron of ^^tho ship and indicate, in, a general way how 
these are .corrected., . 

,'ii . C. -U. Questions. , 

1962. (a) Describe a method of determTriing the horizontal 
component of the earth’s magnetic field. 

(b) A horizontally snspend^d magnet makes 30 oscillationB 
in 2 min SO sec at a place, where the dip is 60°. and the , tot»l 
intensity ...0!6. Calculate the cumber, of. osoillatious, it will 
make in S min at another place where the dip is 45° and tho 
total inteDsIty is 0*67, ,, .4 ^ A?®* ^5’71 



Hints : — 
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l^-2r 1 — 1 — 

30 V lfx0'6oos60° 

and •^^•-2’!'*/ ? — Hence find n. 

n , itf 0 67 co8 46 ■ 

1964:. (1) Briefly describe & method of determining the 
horizontal component of earth's magnetic field at a place. 

(2) Write notes on (a) dip circle (6) magnetometer. 

1965. . Describe the magnetometer working on the equation 

-and show how this can berused to compare 

^ ' MH ■ ... . ... ; ... ... 

the earth’s magnetic field at two different places. ^ 

1966. (Special) Explain what is, meant by. magnetic moment. 
In an experiment to determine M/H °8ing a' deflection 

magnetorneter in the end on . position the . centre of the bar. 
magnet was placed 20 dms from the .magnetometer compass.^ 
The deflection was '18* and the length of ' tho magnet^ ii 
10 cms. If H ■“0'18 0. G. S. •unit oalonlato ' the moment of the, , 
bar magnet. ■ . . ... . , , . .2Q6*5_ 

1970.. What do you mean by dip,..decHnati6n.and horizontal 
component of Earth’s magnetic field^_ , ^ "1 .. . . 

. Describe a Dip Circle and explain how with , the help . of this 
instrument you.c^ measure the dip at. a . place . on ..the .Earth’s 
surface Briefly indicate the corrections required to obtain accurate 
result. . ... 

1972,' 1975,; Describe briefly the constructions 'of, ar Dfeflec- 
tion and a Vibration - Magnetometer.' Explain, how . with their . 
help the Horizontal Intensity, of the Earth’s magnetic field.may.L 
be determined at any locality., , . ... 



STATICAL electricity 

. , CHAPTER. IV, ( 

rOND AMENT AX THE OK y - - •/ 

Art 20 Wiien a glass rod is rubbed •with silk it 

, 'acquires a' peculiar property — ^it^ has now the 
power of attracting light bodies, such as small pieces of paper.. 
The same property is exhibited when an, ebonite rod is TObbed 
■with flannel or with cat’s skin. According to modern ideas 
all substances contain electrons ornegati'vely charged particles. 
Whenever two bodies are,' -nibb^ together some' "of the 
electrons pass from one body to the other. 'The body which 
now contains electrons, in excess is negatively 'charged and 
the other body in which there is deficiency of electrons is ' 
positively' charged. Thus any , two bodies when robbed 
together' become charged by. friction,' "Jn the case of 'a glass 
rod robbed with silk electrons pass from glass to silk. So the 
glass rod- becornes positively* charged and silk is negatively 
charged. In'the ewe of ebonite rubbed with flannel or. cat's 
Skih'reverse is the case. Electrons pass from the flannel (or’’ 
cat’s skin) to the ebonite so that the ebonite rod and the 
flapnel (or cat’s skin) ' acquire negative and positive charges 
respectively. A charged body has the power of ''attracting' 
uncharged bodiesL^ -Tbis’is' why fight particles are attracted by , 
the glass rod or the ebonite rod when they are rubbed ' 
respectively with silk or flannel. Theoretically whenever any 
two bodies are rubbed together both of them become charged 
and therefore acquire the power of attracting uncharged 
bodies. But the efiect is marked in a few cases only. 

When a positively charged gla.ss rod is brought near a 
light pith ball suspended by a fine silk thread it is found that 

• If a glass rod be robbed yrith flanoel the glass becomes ntgatively 
charged and flannel positively charged. 
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the pith ball is at first attracted by the glass rod. But as soon 
as it touches the rod it is repelled and it flies away from the 
rod. This is because the uncharged pith ball is at first 
attracted by the charged glass rod ; 
but on touching the rod the pith 
ball shares some of the charges on 
the rod, i. e. the pith ball also 
becomes positively charged. It is 
then repelled by the glass rod If 
now a negatively charged ebonite 
rod is brought near the positively charged pith ball attraction 
again takes place. As the pith ball however touches the 
ebonite rod the small amount of positive charge _^on the pith 
ball is more than neutralised by the negative charge on the 
rod so that the pith ball becomes negatively charged ; it is 
then immediately repelled by the ebonite rod. Thus 



(1) A body is charged by friction _ ; ^ ^ - 

(2) A charged body attracts an uncharged body 
and (3) Like charges repel and unlike, charges attract. 

Art 21 ' - ' ' 

Induction It uncharged body B be brought near 

a charged body A an opposite charge is 

induced on the face of B near to A and a similar charge is 


repelled as far off ns pos.sible, i. e. it is accumulated on the 

opposite face of B* 
- The former is known 
as bound charge and 
the latter free charge. 
If B be now moment- 
. arily touched*^ by the 
hand, i.e. momentarily 
connected to the Earth the free- charge — which is repelled 
as far off as possible — passes on to the Barth. If A be now 



r 

V 


D 


Sig. 43 


• It is not necessary to touch B on the remote lace. Even if Bbe 
touched Ob the faceneorer to A the charge passes on totheZarth 
while the bonnd'eharge remalbson the fate of B. 
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removed ; tbe bound charge onS B becomes free and distributes 
itself over the entire face of B«'‘ This - isi known- as charging ; 
by induction. : r r? ■ 

Infulaeort Substances may, generally ' si>e'akibg^ . 

and Conductors divided into two , classes — conductors and ‘ 
insulators. Substances through which charge inay pasV very ‘ 
easily are known, as conductors and substances through whicii 
charge cannot pass , are called insulators. .Thiis . rilk Is hn;^ 
insulator while copper is a conductor.' All metals are good ' 
conductors. Solutions of inorganic salts in water are also good 
conductors. The best non«condact6rs (or insulators) are i 
chonite, silk, sulphur, glass, shellac, naraffin, etc." Pure water j 
is s non-conductor ; 'but water gerierally contains' dissolved 
substances which make water conducting. There is however 
no sharp boundary line between conductors and insulators, ' 
There are substances ' which are nmther good cohductors'ndf 
good'insulators ; they are known as 'semi-conductors. 'Wood, 
paper and cotton are examples of 'such scmi-condnctors. 
Their conductivity depe’hds upon ' the amount ' of moistuirc -' 
present in them. When dry they are fairly good insulators. 
But with a little of moisture they become "conductors to some 
extent.' ' 

‘ ' A gold leaf electroscope usually consists ' 
of a metal box Wilb'glass panes on the front ' 

Gold losi.-i 

electroscope and at the back. A metallic rod R carrying 
two gold leaves at the lower end passes into 
the box through" a non-conducting .^topper S; At the upper 
end a metallic plate P is attached to the rod. If a positively 
charged body B be brought near the plate P negative charge is 
induced bn P and free positive charge passes on to th^ 
gold leaves; As both the leaves become similarly charged 
they mutually repel and therefore diverge. ' Tf the plate be ' 
momentarily touched by the' hand the free positive charge oh ’ 
the leaves passes on to thc^Earth and the leaves collapse. If 
now the body B .be taken off the n.egative.cbarge on P becoines 
free and spreads over the entire system. -The leaves being now 
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both negatively chaTged theydiverge again. Thus by bringing a 
poMtirelycbargedbody Bthe electroscope 
is charged negatively and vice versa. 

If an ebonite rod rubbed with flannel 
be brought near the electroscope the 
leaves at once diverge showing the 
existence of charge on the rod. If 
instead of the rod, the flannel be brought 
near the electroscope then also there is 
divergence. But if both the red an'd the 
flannel be brought together near the 
electroscope no divergence is produced. 

This proves that by friction equal and ■** 

opposite charges are produced on the, two bodies. , ^ 

That equal and opposite charges are also produced by 
induction vvas proved by Faraday by his ice-pail experiment. 
On the plate B of an electroscope a metallic can is placed and 
into the can a charged metallic ball suspended by a silk thread 
is introduced.. As the ball is gradually 
lowered into the can the leaves begin to 

1 V 4 < 

diverge. Divergence becomes maximum 
when the ball is well within the" can. 
The can is now momentarily touched^by 
the hand. The free charge on thedeaves 
goes away and the leaves' collapse. There 
remain now the inducing, charge on the 
ball and the induced charge on the can. 
They arc obviously, of opposite signs. 
,To test whether they are also equal or 
Fig. <5 not the metal ball Is now made to touch 

the can. If the two charges are exactly equal they neutralise 
each other completely and the leaves show no divergence. 
On the other hand if one of the charges be in excees there will 
be some residual charge. * Part of this charge will flow to the 
leaves and there will be some divergence. When the experi- 
ment Is actnally performed no divergence is observed in the 
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leaves. Thus it is proved that the induced charge is equal 
to the inducing charge. ' ' > > , 

If two charges Qi and Qz be ■' separated* by a distance r 

Q1Q2 


each is acted on by a force ^ where k is 


Art 23 

Fundamental ^ ^ , 

formula a constant depending .upon the nature of the 

medium in which the charges are placed and is 
called the Specific Inductive Capacity (S. 1. 0.) of the medium. ' 

If the two charges are like the force is of repulsion ; if they 
are nnlike the force is of attraction. In either case the magni- 
tude of the force between the charges is given by the above 
expression. - . , . , . . 

For air the S. L 0 is unity ; - hence if the charges be placed 

in air the force between them’ is' As in Magnetism 

the unit charge is therefore defined asjollows : — ' 

If two charges of equal strength are placed in air at a 
distance of one cm. apart and if the force' 
Unit charge between them be one dyne then each of the 
two charges is said to be'a unit charge. 

This is known as an electrostatic unit "( e! S. unit ) charge. There 
la another unit known as electromagnetic unit ( E. M. unit ). The 
practical unit of charge is a Coulomb (Vide Ebap JX). 

-One CouloOTb=’10-l- E. M. unit of charge, and one E, M, nnil of 
charge—3x 10‘® E, S. units of charge. 

Hence one Couloinb=3x 10® E. S. units of charge. ' 

' ' ‘ ‘ ) 
The electric intensity at a point is defined to be the force 

Electric intensity experienced by a unit positive charge placed 
at that point. 

Thus if we consider a point at a distance r from a charge 
Q the electric intensity at the point is given by F •=• 


If the medium be air the intensity is * It foUow.s from 

the above definition of the electric intensity that if a charge q 
be placed in a field of intensity .F the force on the charge 

is qF. ' * . r. V . - 
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It is to be noted that the electric intensity •' is a Tector 
quantity, i. it has both magnitnde and direction. The njagni- 

-tudc is given by F “ and the direction is indicated by the 

definition that it is the force errperienccd by a nnit potiiive 
charge. It is obvious that the' force on a unit negative charge 
is of equal magnitude but is directed in the opposite direction. 

The electric intensity is also known as the strength of the 
field or field stren^h ; the word ‘field’ alone' often conveys 
the same idea, ' ’ ' ' 

-The electric i>otential of a body is the electric condition of 
the body which determines - the flow of 
Potential ' electricity from or towards, the body and is 
measnred by the work done in carrying a nnit 
positive charge from infinity up to the body.-* ’ 

The electric potential at .any point is thus . numerically 
equal to the work done in carrying a unit positive. charge 
from infinity up to the point. . - > •'v . 

The potential difiFerence’ between two points' is" thus the 
work done in carrying a unit positive charge from one, point 
to the other. 

Hence the work done in carrying a charge Q from* one 
point to another at a potential dificrence V is- equal to QV. 
If both Q and V are measured in E. S units the work done is 
obtained in ergs. Thus if an electron (charge •“'4’80 x I0“^® 
E. S. unit) falls through a potential difference of one volt 

t > \ ' < . : *■ ■ ' I ‘ 

E. S. unit j ’work done — 4’80 ^ ^ lO"'* 

ergs. This energy is known as one electron volt. Atomic 
energies arc nowadays measured in' electron volts. ’ ' ' 

Art 24 Consider two points A and B very close to each 
other on the X axis at distances x and x+dx from an arbitrary 

2 A B ■ origin O. Let the potential 

at A -be V and , that at B 
be V+dV. The potential 



Fig. 4S 
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. difference V - - -V-~(V +iV)- -3V. This Is cqaal to the 

• >• : , , ' ^ ^ / 3 “/ ; < « ‘ *-’<»'» * - 7 - 

work done in carrying a unit positive charge from B to A. If 
F he the electric intensity at A* along X axis tbe'-force om-a 
nnit charge is F ; and since the .distance traversed .is ABr-dfs 
we have. F^- -dV. 

. , .. ^nation ,.(18) gives us the .Telation between, the electric 
intensity and the electric potential at a point. In this eqna* 
tion F measures the intensity along X axis. If the actual 
intensity be in any obliqne direction the component along 

' ' ' 'dV ' ‘ ■ 

X axis ;• similarly,, the component along Y-; axis 

. 'l.- : r.-' r.. 

IS — j- and that along Z axis is - — , 

” '^It is: to be - remembered that unlike electric intensity 
electric potential ■ is a scalar- quantity t; a:' it has 'magnitude 
but no direction. r.- 

: Consider a point A on theX axis at.a distance sc from the 

point charge Q.' Then the intensity at A is ' ’ ' 

-iQ.r - ^.-dV 

- ■ >» e* « 


: Fig,- -<7 £• .. 


or ’ dV "• ~ -7®* dt ‘ 

KX ' 


.*• ,V— , - / : ,--.-da: + C“-~ + C where C'is the constaht of 
integration. Since the potential at infinity is zero, 1 , «, V=0 
when 2 := oOj havc'C^.O, > IIenc,e_Y:"*T^~, If medium 



■ The distance A'B{‘=Hx) being infinite?iniaIIj',.6niBll ,the electric 
intensity at A may be snppoBe'd to be the same as at B or at any point 
in'bet-wven,' . ' ■ t 
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N. B. (1) Throughout the remaining -portion of the book 
•we shall always assume the medium to "be air unless 
otherwise stated. 

(2) It should be noted that so far magnetism and statical 

electricity are exactly analogous to each other. . * 

The capacity of a conductor is the charge necessary to 
raise the potential of the conductor by unity. 

Hence if C be the capacity the charge Q necessary to 
raise the pofential to Y units, is CV, *. e, Q^CV. 

If Q and V be in E. S. units, C also ts in E. S. units. -If however 
both Q and V be eipressed'in practical units C also is in.practical units. 
The practical unit of charge (Q) is a Coulomb, that of the potential (VJ 
is a volt and that of the capacity (C) is a Farad. The following conver- 
elon table abonld be remembered: — ' ' 

One VoIt=10S E. M. units of E. M. F. : ' 

One E. S. unit of E. M. F-=SX10'* E. M. nnits of E. M. F, 

-300 Volts. ' 

, .Also, one E. M. nnit of capacity— 9X 10*® E. S. units of capacity. 

One Farad — 10"® E. M. nnits of capacity. 

«=9X 10*1 u, S. units of.capacity. • . .. 

One micro-farad »=10“® Farad 

—9X10® E. S, units of capacity., , ‘ ? - 

It is to be noted that the capacity of a conductor depends 
upon the shape and siJte of the conductor. It’does not depend 
on the material of which the conductor is made. Generally 
speaking, the greater is the area exposed to air the greater is 
the capacity of the conductor. The capacity of a conductor 
also depends on the position of the conductor with respect lo 
other neighheuring conductors. It also depends on the specific 
inductive capacity of the medium in which the- conductor is 
placed. It will be proved later in Art 33 that the capacity of 
a sphere is equal to its radius. - - ' . - , , - 

Students must not confuse the potential of a charged 
conductor with the potential energy of a. 
charged conductor- The former simply means 
the work that would be done in bringing a unit 
positive chaige from infinity to the conductor 
t. «. work done Iti giving an additional nnit charge to the 


Art 25 
Potent!*! 
energy 
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conductor^ The latteri.; .however, means the; work that has 
already been spent in charging. the conductor to the present 
amount. .• r. 

i Consider a;cbndnctor at potential V, carrying, a charge Q, 
Let 0 be the capacity'of:th,e conductor. We suppose that the 
total charge: Q.:pa' the ['Conductor is gradually, .built up by 
successively bringing infinitesimal charges. dg from infinity to 
the conductor. SAt anystage during this. process oJ charging let 
the amount of charge on the Conductor be g and the potential 
'-'Then g=“'Ct>; To bring the'next instalment of charge dg 
to .the honductorj the work 'done the potential, 
measures the, work done, in bringing a unit charge’ to’ the 
conductor ]. , ' ’ , , 

The total work done ( potential- energy ) 



ivdq 




And since Q — CV,’ this also'-* iC'V*'= iQV 


If two conductors at potentials Vi and V* be electrically 
connected; charge -flows from the conductor atnbigher potcn- 
; tial to -that . at lower potential,.', ;It- will j now 
.’i'be shownothat whatever,;. be the; .values of ;Vi 
Loss, of energy, ^Va— iuoflU cases, there ; is a loss ; ofc,-, energy 

- Vof the --system. Only when .Vi “Vi there sis 
neither any loss nor, any gain. Let Gi.and .Ca be the capacities 
of the two- 'Conductors. .andr.letTJV.;be the -final .common 
potential ^ after !■’ the-;.'conductorS;' are.' tconncctcd - -electrically. 
Since' the -total charge oh the. two; conductors .’remains the 
same before and after electric connection,' we have ' ? . ' .; - 




r Cl +.Ci 


But- 

and 


Original eiiergv " iCiVi’ +’tG2V2* ^ 0iVi*,+'Csy2*). 
final -energy =''iCiV® + iC2V®«i(Ci + Cs)V® " 


•?i(Gi+,Cs), 


'<CiVi j-CiVsl* 
• ■ lCi‘-hCtP 


2 
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Decrease in energy 

, (Cl + C») fCiVi* + G»v«^) - (CiVi + CtV«)« 

Ci + C* 

, CiC*(Vi - v*'y* 

Cr + CT”' 

In this expression Ci and Ci are essentially positive 
quantities and (Vi-'V*)* being a perfect square, is also 
positive. Hence there is always a loss of energy. 

It is to be seen that loss of energy vanishes when Vi— V» ; 
but in that case no flow of charge takes place even when the 
conductors are electrically connected. 

According to the principle of conservation of energy 
energy can never be really lost. The energy which thus 
appears to be lost reappears partly as heat in the connecting 
wire and partly as heat, light and sound produced by the 
sparking between the two conductors. 

This loss of energy is in ergs provided both C and V are 
expressed in C. G. S. units. 

Three oharges + 10,- 10 and +10 are placed at the three 
corners c/ a square of side 6 cms. Find the potential and 
intsnsitv at the fourth corner- 

BD*-BC*+CD*-2.5* 

BD-Sv'gT 

V -^0 1 to . 

D 6 6 2 

-2+2- VX C. G. S. units. 
— 4-*y 2 C. G. S. units. 

To find the intensity ■^e 
must "consider the direction as 
well. Thus the intensity at D is 

AD (2) p 

= ~ along CD and (3) along DB. The resultant of 


A B 
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(l) and (2) is — along BD produced. Hence the 
5 

resultant intensity at D is C, G. S. unit along BD- 

5 

produced. 

Zfeo tpheret A and B of diamtters 20 cms and 80 ems 
vetpectit&ly have charges 60 and 60 units rsipectively. If they 
are connected by a wire how much charge flows through the wire f 
Does the charge flow from A to B or from B to At 



Fig. 49 


The capacities of 4. and B are respectively equal to 10 
and 15. 


.. V — — “OnndV - — ■=■4. 

A 10 B 15 

Since A is at a higher potential charge flows from A to B. 

. To find the final common potential V we apply the 


TotanebaTge before connection "“total charge after connection. 
.*. 50 + 60-10V+15V or V-~-4'4. 


Charge on A •“ 1 0 x 4’4 — 44. Thus 50 - 44 “• G units of 
charge flows through the wire. 

A and B are two eonductors whose capacities are in the ratio 
2:8. A receives a charge and shares it with B, Compare the 
total energy of A and B with that originally possessed by A. 

Let the capacities of A and B be respectively 2C and 3C 
and let Q be the charge received by A. If, after A shares the 
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charge vith B, the final conuncn potential be V, 

-Q 

’sc 


2CV + 3CV*=Q or Y« 


0* O* 

Originally the energy of A — “4C’ the energy 

n* 30* 

of A-i. 2C and the energy of 3C. 

Q* 3Q* Q* 

Hence the total energy of A and 


A the required ratio 


27 ^ Magnetism the law that the force 

Inverje Square between two charges varies inversely as the 
square of the distance is known as Inverse 
Square Law. The proof of the law is as follows : — 

Cavendish’s Proof. It is obvious that the force between 
two charges must depend on the distance. We assume that 
this force varies inversely as power of the distance. 
We shall see that exiwrimental evidence supports the view 
that p "2. 

Consider a hollow spherical 
conductor with centre O charged 
uniformly with positive surface 
density it. Let X be any point 
within the sphere. Through-X draw 
two cones AXB and A'XB' one 
cone being simply the extension of 
the other beyond the vertex. Let 
each of these cones be of a small 
solid angle dO. Let the areas on the 
sphere intercepted by these cones be AB and A'B' at distances 
r and r' from X. Join OA. OA'. Let LOAA'- LOA'A^w. 
Through B and A* draw BO and A'C' perpendicular sections 
of the cones. Then each of the L' ABC and B'A'C' is also 
equal to w (since the angle between two lines is equal to that 
between their perpendiculars). , . 
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Thus 


AB cos tu — BC •“ T*d9, 
A'B' cos w-A'C'-r'* dO 

AB--^^ and 

cos w cos 0 } 


The charge on AB'-t^AB*- 


or'dO 


that on A'B'—ffA'B'=-^— ^ 


Intensity at X due to charge on AB 
or^dB odB 

•> 

and intensity at X due to charge on A'B' 
OT'*dB adO 


along AX 


r'^ cos r'^“® cos o) 


along A'X 


W) 


In the figure r is > r. 

Three cases now arise ; 

(1) p > 2. In this case since r* > r, («) is > {P), i. «.the 
resultant intensity at X doe to 

charges on AB and A'B' is dircc* 
ted along AX, «. e. along XA' 

[Fig 60]. Thus dividing the whole 
of the sphere into pairs of such 
cones it is obvious that the 
resultant intensity due to every 
one of such pairs is directed 
towards the left' of the plane 
YZ (drawn perp. to OX). Hence 
the resultant intensity due to 
charges on the entire sphere 
is directed towards the centre O. 

(2) p < 2. In this case (a) is (P), *'• «■ the resultant 
intensity due to charges on AB and A'B' is directed along 
A'X ». e. along XA [ Fig 60 ] ; arguing as before the resultant 
intensity due to the total charge on the sphere is directed 
away from the centre O. 




69 


(3) p-2. In this case (a)-(^). Hence the resnltant 
intensity at X vanishes. 

Cavendish placed a conducting sphere S inside another 
sphere S* insnlated from each other. S* was charged positively 

and was connected to S momen- 
tarily by a wire- The two were 
then disconnected. From the 
preceding discussion it is obvious 
that positive electricity would 
flow towards the centre and 
hence" S would be positively 
charged if p > 2, positive electri- 
city would flow away from the 
centre and therefore 8 would be 
negatively charged if p < 2 ; if however, P"2 there will be 
no flow of electricity and hence S would remain nneharged- 
In the a(ttnal experiment 8 was tested and was found to be 
uncharged. Cavendish therefore concluded that p — 2. Latex, 
Maxwell - repeated the experiment 
with improved apparatus and 
came to the conclusion -that the 
difierence in the value of p'from 2, . 

can hardly be greater than 

r 

The torsion balance may also 
be used to prove the inverse i 
square law. It 
Art 28 -essentially consists 
Torrion baUnc* of a cylindrical 
glass vessel round 
the side of which a ’ scale is 
graduated. A silver wire ' carrying 
a horizontal insulating rod AB Pig. 63 

( of shellac ) is suspended from a torsion head which 
can be rotated and the amount of rotation can he read off 
from another circular scale at the top. A small pith ball is 
attached to one end A' of the' insulating rod. Another 
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fasulatinB rod CD carrying a second pith . ball at the lower 
end C, is placed in the vertical position. The torsion head 
is cdjnsted so that in the equilibrinm position the two pith 
balls are just in contact. The pith attached to . the vertical 
rod is now removed and taken outside ; It is then given a 
certain charge and is again placed in its own position at the 
bottom of the vertical rod- When the other pith ball .comes in 
contact with this pith ball charge is shared by both of them 
and repulsion takes 
place. The rod AB 
rotates and the ' 
suspension wire is 
twisted. Equili- 
brium takes place ■ 

When couple due to torsion, in the- suspension wire baknees 
that due to electric repulsion. The torsion head is now 
turned through an angle /3 in - the ; opposite direction so that 
the angular separation between the , pith balls is reduced to a. 
Then the torsion in the wire. is. , a + ^. Let O be the, centre 
of the horizontal rod AB carrying the pith ball at its end A. 
Then if C be the fixed ball 4 A0Cr .<*. Join OC, AC and 
drop OM perp. to AC. Let F be the force of repulsion betocen 
A and C ; then the moment about O of this force “F. OM 

“F. f cos ~ where l—OA^half the length of the horizontal 



Fig. 54 . 


ro^ And the couple due to 
cotlple per unit twist, i 

•‘iv ^ I cos ~ 

' \ 


torsion'=‘/z(o+iS) where is tte 

■ r. , 


.% ;F. AC»=--^^^^^f21sin '-|-Y 

I cos — ^ ^ 


[■■■ 


2 AM -21 sin 


or 

2 J - 


’Aiilia.+ p) Sin tan — 


(a) 
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If inverse square law be true F will vary inversely as 
AC*, i. a F.AC* will remain constant. Hence from {a) 

(a+/3) sin "" tan ~ will remain constant. The torsion head 
2 2 

head is rotated through different angles so that sets of valnes 

of a and P are obtained- It is then shown erperimentally 

that for all sets, 

, a o' 

(or + pj sin — tan ~ •» const 
2 2 

Thus Inverse Square Law is verified, 

N.B, (1) Ifobe small, sin ^ tan In that 

case (o4-^) sin ~ tan -^“*7 (a+/5ja*t thus the approximate 
2 2 4 

relation + const, may be used. 

(2) The torsion balance may also be psed to verify inverse 
square law in the case of magnetism. In' that case the two 
rods carrying the pith balls arc replaced by two magnets- 
Rcpnlsion takes place ^between two similar poles which now 
occupy the positions of the two charged pith balls. Otherwise 
calculations are exactly ident'cal. 

Exercise IV 

1. Three charges + 10, +4, +4 are placed at the three 
corners A, B, 0 of an equilateral triangle of side 2 oms. Find 
the potential and intensity at the middle point of BC. 

Ans, 13'77 ; 3'33 away from A. 

2. Explain the term clectrio potential.^ A charge of 5 units 

is taken from a point at potential — 15 to another at V. If the 
work done thereby bo 200, find V. Ans. 26 

S, A spberioal oondneter of radins 6 cm and charged to a 
potential of 48 E, S nnits, is placed at a great distance from 
another of radios 8 cm and charged to a potential of— 30 E. 8. 
units. Oalonlate the potential at a point midway between the 
centres of the spheres. Ans aero, 0. U. 1932. 



4. Describe experimento wfaiob have established the Inverse 
Sgaare Jjaw of force between charged bodies. Give the theory. 

Chergea 1, 2 and —3 unite are placed at the Ibree corners 
A, B and C of an equilateral triangle, taken in order. If the 
length of each side of the triangle be 10 oms find the force, in 
magnitude and direction, at the middle point of AB. 

Ans. 0’057 making 46° with AB 0. U- 1941. 

6 . Define the term potential as used in electrostatics. 

Two spheres of radii 6 and 10 oms. respectively have equal 
charges of 60 units each. They are then joined by a thin wire 
BO as to be able to share the charges between them. Calculate 
the total energy of the conductors before and after sharing. 
What becomes of the diflerenoo of energy ? C. U. 1944. 

Ads, 876 ergs ; 333‘S ergs. 

6. Define electric potential and electric intensity. What 
is the relation between these quantities ? 

A conductor of capacity 15 is raised to a .potential of 40 ; 
it is then connected to an uncharged sphere and the common 
potential drops to 30. Find the diameter of the sphere. Find 

also the loss of energy when the charge is ehared. 

Ans. 10 oms ; 3000 ergs, 

7 . The radius of the Earth is 6400 Kilometres, Calculate 

its oapaoity in microfarads. [One micro-farad = 9 x 10® E. S. 
units of capacity]. ■ Ans. 711 mfd. 

8. Two spheres of diameters 8 end 12 oms are respectively 

charged with 24 and 60 units of charge. Find the loss of energy 
when they are connected by a wire. Ans. 19 2 ergs. 

9. Two spheres of diameters 6 and 10 oms placed at a 

distance from each otht - are charged respectively with 5 and 
12 units of positive electricity. They are then connected by a 
fine wire. Dees any spark pass ? If so, how much energy is 
dissipated ? Ans. 0*60 ergs. C. U. 1949. 

10. Two equal raindrops charged with equal ^quantities of 
positive electricity are combined ao as to form one large drop. 
Compare the potentials before and after union. Compare also 

Ans. 1'; 2^ andl*- 2^ 


the surface densities. 
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11. What is the inverse eqaare law ae applied to the force 
dne to an electric charge ? 

Qive an account of the experiments of Oavendish and 
Maxwell to prove the validity of the inverse square law. 

12. Find the kinetic energy Required by an electron 
(charge 477 x 10“^° E.S. units) in falling through a P.D. of one 
■*olt (yJu E S. unit) [This energy is known as one electron-volt] 

If the mass of the electron be 8‘9 x 10~®® groi find the 
velocity acquired. [This is known as the velocity of one volt], 
Ans. r69 X JO"’® ergs ; 5977 x 10® ones i^rAeo. 

[Hints; Einetio energy=worb done*=>477XlO“^.® x gj 0 , 
Einetio energy is s1bo== J x 8’9 x 10~** x ®*. Hence find ®3 

13. An electron starts from rest from a point on one con- 
ductor and reaches a second conductor with a velocity of 10^ 
cms. per sec. Oaloulate the P. D. between these conductors in 
volts. Which of them is at the higher potential ? Ans. 279*9 
volts. The second conductor. 

14. In an electron tube the two electrodes at a difference 

of potential of 100 volts are 0*6 cms apart. How long would 
an electron take, starting from rest at one electrode, to reach 
the other ? Ans. 2*01 x 10“® sees. 


C. U. Question. 

1961. De6ne electric potential and eleotrio field intensity. 

A oonduoting plate is charged to a potential of 4000 volts, A 
second metal plate charged to a potential of lOOOvolta is brought 
near the first to a diotance of 10 oms. What is the field Inten- 
sity at any point between the plates ? Ans. I E.8.TJ. 

1965 Two ooaduotore having different oapsoitanoes are 
charged separately to different potentials. Deduce an expreesion 
for the loss of energy when these two oonduotora are made to 
share their charges. 
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A sphere of radius 5 oms and charged with 50 E. B. XJ. is 
conneoted hy a wire of uegligible ospacitanoe with another 
sphere with the same charge but double the radius. Calculate 
the loss of energy. Ans iVl ergs 

1986. Define (o) eleotrio Intensity and (6) difference of 
potential. How are these quaniites related ? 

1969. Distinguish between the potential and potential energy 
of a charged conductor. Prove that there is always a loss of 
energy when two conductors at different potentials are joined 
together. . ‘ 

1972. Define electrostatic potential at a point in an electric 
field. Derive an expression for the potential at a distance 
r cm from an isolated point charge having q electrostatic units 
of charge. 


/ 



CHAPTER V 

UKSS OV FOECE, GATTSS’S THEOREM 
AND ITS APPLICATIONS 


Art. 29 


Line of force. 


An electric line of force is a line snch 
that at any point on it. the electric intensity 


is tangential to it. 

Thns in Fig 55, at points 
A, B,”‘ on the line of force 
the intensity is tangential to 
the line and is directed away 
Tiz- SS from the positive charge, 

K the potential be the same at all points on a surface the 
surface is said to be cqnipotential. 

As in Magnetism it can be similarly proved that two lines 
of force cannot intersect each other and that a line of force 
cuts an cqnipotential surface at right angles (Vide Art 6 ). 

The surface of a conductor is always an cqnipotential 
surface ; for, otherwise, electricity would flow from points 



at higher potential to those 
at lower potential. It follows 
that lines of force coming 
out ,of a charged conductor 
are, at the start, perpendi- 
cular to the surface of 
the conductor. Hence the 



intensity at any point close Pig. 55 

to a charged conductor mast be directed normally to the 


surface. 


Although the surface of a charged conductor is an 
cqnipotential snrface the distribution of charge over the entire 
surface is generally not uniform. Jf the surface have different 
curvatures at different points the concentration of charge is 
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also different at different points. The more cur/cd a surface 
is the greater is the concentration of charge there. Thus in 
Fig 57 (ol charge is more concentrated at A*than at B. This 
is easily proved with the help of a proof plane*. The proof 
plane is made to tonch the conductor at A and is then 
presented to a 
gold leaf elec- 
troscope.; the 
amount of diver- , 
gcnce of the 

leaves is noted. , . • . 

Nert«ricr disebarging to proof pI.Po « “ 

todihthe condnctor.atE: It it is oor. proseotod to the 
loaf cfeotrosoope it is noticed th.t the diTcrgenco rs now 1^ 
This proves ttet ch.ige is more conccnit.ted « A 
. If tbc.surtsco at A becomes toorc 
concenttstion of ch.tge et A .Iso becomes grertcr 
Ultioj.tcly wben the sntf.ee ,.t A .becomes *"■ 

S7,ii)an intCTCsliPK phenomenon occurs. . “ 

.it molccnlcs must alwys be .«tilti.g tbe “‘X 

condnclor .and teUng , away ebatge from the 
Gcncrallv speaking the temoyai of charge in t 

Lw thsHor a fairly long .in.-c 

Charge. If however the conductor be pointed as m Fig 67 W 
2:^ce«tration of charge at 

^nolcculescomhig in contact I'e 

considerable amount of charge. , rnnductor and 

almost all the charge is taken away from the ^ 

the conductor becomes practically duscharged 
Thus a pointed conductor cannot retain its 

. A collecting comb in an electrostatic machine 
depend.s for its action npon this property o a P®'" 
dnctor.„ A group of pointed 
another is kno wn as a collecting 

"^proof^ene 1. « .meli cr^aStc.or (usiiaUv. ^ ^ircul-r mrUT 

piecerprbvicie'd wilt in^In«u!at5dg handle; 
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this is in metallic connection "witii a Leyden* jar L. If a 
charged body be bronght near the collecting comb opposite 


+ 



Fig. 5S 


charge is indnced on the 
points and similar charge 
passes on to the Leyden jar. 
Bnt charge on the points 
dissipates away into air iitno 
‘time and is attracted by the 
opposite chargeon the charged 
body and nltimately the charge 
on the body is nentralisea. 
Thus the net result is that by 
the action of the collecting 


comb the charge on the charged body is transferred to the 
Leyden jar L. 


The property of a pointed conductor has 
Ughtning also been ultilised in the case of a lightning 

Conductor conductor. First suggested by Benjamin 

Frantlin in 1749 it is nothing but a pointed t 
metallic rod placed Vertically over the top ' of a tall bnilSing. 
The pointed end projects above the highest point of the 
building and the rod is in metallic connection with the Eartlu 
Dnring a thunderstorm clouds . become heavily charged 
and there is a chance of a lightning flash passing between a 
cloud and a tall building. This chance is however minimised 
by the presence of -lightning conductors. The charge on the 
dond induces opposite charge on the lightning cjoudnctor 
and similar charge passes on to the Earth. But the light- 
ning conductor being pointed it cannot retain its charge. The 
indnced charge on the lightningcondnctdr is therefore quickly 
dissipated away into air and is attracted towards the dond. 
Thus the charge on the clc^dd is diminished. Sometimes even 
after this the cloud may still have -snfScient charge so that a 
flash may nltimately pass. But the lightning conductor being 
nearest to the dond the flash passes on to it end as it is 


* 3«r •“ill 1^ explained in Art «. ' 

i There sty be more thin one pointed end in « liglilidng condnetor. 
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metallically . connected to the Earth ; the. charge passes on to 
the Earth throngh the metallic connection and the building 
remains safe. 


'Lines of force coming out of a charge may 
Art 31 . ’ be divided into a number of ; groups, each 

Tube of force < gjoup being called a tube of force. Obviously, 
> ..such grouping may be Jdone in a variety of 

■ways. According to Faraday grouping '^so made that Q tubes 

come out of a charge 0,' where as. according to Maxwell, 


tubes emanate from a' charge Q. 


Thus,. ■ Q. Faraday Tubes Maxwell tubes. 

' " ■' 

Or one Faraday tube"-j^ Maxwell tubes, ; 

Throughout the, remaining portion of this book when- 
ever. we shall speak. of tubes of force we, shall always, mean 
Faraday, tubes.* shall also use .the expression “lines of 
force” "When tubes of force are . actually meant. , Thus we 
speak of 60 lines of force emanating out of a charge of + 50, ,. 
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Fig. 60 


, Lines of force start , from positive charges and end on 
negative charges. If we have two charges +10 and -6, ten 
lines of force come out of the charge + 10. Of these six 
go to the charge -6 and the remaining four pass on to 
infinity. [Vide Fig. 59] 

It is obvious that within a charged hollow conductor 
there cannot be a line of force and hence there cannot be any 
intensity ; for otherwise, if a line of force exists joining 
two points of the conductor some work will have to be 
done in moving a unit charge along this line from one 

end to the other, ». «. there will be 
some difi'ercnce of potential between 
the end points. But this is impos- 
sible, as all points of a conductor 
are at the same potential. 

Since there is .no intensity 
within a hollow, , conductor the 
potential at all points throughout 
the interior must necessarily be the same. This potential 
is the same as that of the conductor itself. ; 

If we consider an elementary area 
dS of a surface , placed 

Art 32 in an electric field and 

Normal 

Induction if F be the electric 
intensity at dS, making 
an angle ^ with the normal then normal 
intensity ’ is F cos ^ and nbrmal induc- 
tion over dS, is fcF cos 0 dB where k is 
the S. I. 0. of the medinni. The normal inductiori over an 
entire .surface may be found by integrating the above 
expression. 

Gauiss Statement. The total normal induction 

Theorem ' over a cloud surface is equal to 4jr times the 
charge in.side tne surface. 

Proof. Let AB represent an elementary area dS of a 
closed surface completely suirounding a charge Q at O. Let 



Pig, 6t 
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X> be the central point of AB. 

__Q . 


IS 


acting 


k. OA* 

along OD produced. 

[Since AB is an 
indnitesimal area 
it is immaterial 
whether we take 
OA or OD as the 
distance of BAfrom 
O]. If this makes ’ ^ 

an angle & with the • 
normal DN, the 
normal indnetion over dS is 

COS0.AB-Q. 


Then the intensity at dS 

n' 



Fig, 62 


AB cos & 


OA* 


Draw AC perp to OD. Then Z.BAC is also 0. Therefore 
AB cos 6 “ area AC. Hence 


Normal indnetion over dS“ 


- area AC 
OA* 


-Qdw 


where dvo is the solid angle AOB subtended by AB at O. 
Hence the total normal induction over the entire closed 

surface— Q dw—Qx total solid angle subtended by the 

closed surface at 0 — 4’fQ,, , 

If there be two or mote charges inside the surface the 
normal induction over the suifacc, contributed by each of 
these charges, is 4k times the corresponding charge ; hence 
total normal induction due to all the charges is equal to 4k 
times the sum of all the charges. 

If there be any charge or charges outside the surface 
they do not contribute towards the total normal induction 
over the surface ; for, if a cone with a small solid angle die/, 
be drawn with_ one of the charges Q as the vertex, it will 
in general meet the closed surface in two elementary areas. 
The normal inductions over these two areas will be equal. 
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each being equal to Qdoi but they -will .be of,- opposite .signs, 

for one ■will be directed 
along the inward horinal 
and the other along the 
outward -normal. They 
wilb - therefore.;-, cancel 
each other. " -Similarly, 

■ 'the whole' of' the rsnrface 
being divided int6,~pairs 
Fig. 63 -- ’ of such elementary areas, 

the total, normal - induction ovct ..the entire surface; will 
be zero. , . ' ' 

■ ' If therehe no charge within' the surface- the; total normal 
induction over the surface is zero. 

Consider a sphere of raditis "a, ' charged uniformly ‘ with Q 
units of charge.-.,’' •• 

■ ;'Art33:;*: : tet Tf ^be' -the ■ ■. - 

.Uniformly.--,, v. . . , ... \ . 

charged spher® intensity ' at A * : / 

due to this 

' Y ' • ' 

charge, A being a' point, on^ j 



side the sphere" at' a distance -• 
r from' the centre ’O. ; With V - 
centre d and radius 'equal to " \ 

OA (“j;)rd^cribe a sphere. ' ^ 

From symmetry, the intensity 

at every point on the sphere " Fig. 64 - ; - 

is P directed normally to the sphere, tet us * apply Gau&’s 
theorem over the surface of this sphered’ We have ^ " 

.Normal induction “iP X area” iP.jf;rr®. ' ' '' 

' by Gauss’s Theorem, AF.;47rr*.~4yQ- 

' /. ir=ir-Q_. ; 

- r.ir* - > 


If the whole of the charge bn the sphere 

at O, the intensity at A is also equal to 

■ kr^ 


be 


concentrated 
.[Art 23 3. 


Thus for any point outside the sphere the whole of the 
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charge may be stipposed to be concentrated at the centre. .The 

( potential at A is therefore equal to 

;i "Now,"- let ;’jthe ' ‘.point approach' the 
sphere until-, it just- reaches .the surface"; 
of the sphere. i;The distance of the point " 

A frbm thetcentre is.pow equal to'the... 
radius of the: sphere.- - The charge Q on 
the r.sphere; may still be supposed to 
be : ‘ cencentrated at , .-the centre. Thus , 

tije potential ‘at A is V — -^1' 



Fig. '65 


A now being' 


J; 


‘sphere the..^tential of the . sphere is thus equal -to 

" a ■ 


a point on the 
But 




Thus 6»"o 


Art 34 - 
Cylindrical 
! charge 


if Cbe the capacity of the sphere, Q — CV — C 
i. a. the capacity of a sphere is equal to its radius, 

N. £. Since, by Art 31 the pptential at all poinSCwithin 
a hollow conductor is the same as that of., the, conductor .‘the 

' \ ' * . "q' ' ' ■ 

Tiotential'at all points.within the sphere is — 

• ‘Let 'an infinitely long cylinder be charged uniformly^ so 
that charge per unit lenfflh, of the cylinder is, Q. Let P. be a. 

.point (outside the cylinder ). at a distance r 
from the axis of Jhe 'cylinder.^^ this 

. intensity at P we 'imagine a co^axlal closed, 
cylinder of- length L, passing., 
through P . and apply Gauss’s . 
theorem over, this .cylinder. . From 
symmetry the , intensity .at , all . 
points of the curved surface of this 
cylinder, is F and is “directed' ' 
normally to the surface. . -The , 
normal induction over this curved 
surface, is therefore, equal -to., 

JfcF,2a’rL. The plane faces of this 
cylinder do not contribute anything ‘ 
towards the total normal induction . Eig 66 
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becnnse (from symraetTv) intensity at any point on the plane 
faces lies aloug the plane and the normal intensity is zero. 
And sioce'a length L of the charged crlinder'is enclosed with- 
in th'e imaginary closed cylinder the charge dh this portion 

•\ _ • 2Q '■ ■ 

is QL- We, have therefore A:F.2rrL-4ffQL F--^, . (20) 

Let Si and Si he two sections of a' tube of force. Let 

ns apply, - Gauss’s theorem to 
this portion of the tube 
;:bounded by Si and St.' . Since 
intensity, is always -tangential 
, . . , Fig. 67 „ .there is , no 

component normal to the cnrTed surface' of the tiibe and 
hence the normal induction over the curved surface is zero. If 
Ff and Ft be the intensities at the faces Strand St' the normal 
induction- over these two sections**FtSt —-FiSi the intensity 
at Si being directed inwards,, is taken to be negative. Since 
there is no charge inside the tnbe FsSi-FjSi«»6 • ' 



Coulomb's 

Theorem. 


■ - - w ; v..;.FiSi.“FiSi 
If two sections Si and St are equal,' f.'e' if the 
are parallel, Fi '■ Ft. »• e. the field is uniform; • 

' Art 35 Let ab be an , 

elementary area 
ds of a charged,-;, 
conductor and let P be a point 
ju.st outside., the conductor and' 
close to ds.-Let-F be tlie intensity 
at P. Itungiiie a closed 
rectangular surface ' AFCl) ^uch‘ ' 
that (l) P lies on AH' (2)‘ AB is ' ' ' ’ F'g. ^ 


lines of force 



just outsido and CD just inside -'the conductor : but each of 
them is equ.-il and parallel to ab {-di). and (3) AD and BC 

just enclose dt and are perpendicular to'di, ; - 

In applying Gauss's theorem over this clo.scd -surface we 
hoiicc tliat since' there is • no-' intensity within a', conductor 
(Vide Art 31), the portion a being within the conductor. 
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contributes nothing towards the total normal induction. Of 
the remaining portions ^ again since the intensity near a 
charged conductor, -is perpendicular to the surface (Vide 
Art 29), there is no normal induction over Aa and B6. Hence 
we are left with only AB over which the normal induction is 
obviously equal to liBdt. If o be the surface density over dt, 
the charge enclosed is a ds. Hence 




hVd* - Anodt 


F 


k 


N, B. Since tubes of force diverge out as they recede 
away from" the conductor,' the intensity at any consider- 

able distance from the Mnductor, is not equal to —j-, but falls 

off inversely as the cross section of ^he > tube of force (Vide 
Art -34). If however in any special case the tubes of force 
are all parallel the intensity even at a considerable distance 


' •«; 'r- * 

irom the conductor is equal to 


Ana 
k. “ 


[ Compare the case of a parallel plate condenser ; Art 48 ]. 
. Let P be a point close to but . . 
just outside an elementary area 
ds of a charged con- 
ductor. Then .the 
4jr^ 

intensity at ^ 


Art 36 

Electric 

Pretsure 


P is 


- V 



; - '•eing surface density over, d$. 

Von®’ ■* , , 

^ h nis intensity at P is partly due^ 

to the charge on ds and partly 

due to the charge'on the remaining portion of the conductor. 

If f and /' be these two components we have , 

• ■ ' w 

^ i ^ i ^ j 

If we now imagine a point Q close to dt but just inside 
the conductor the intensity at. Q due to charge on di is 

numerically equal to / but reversed in direction, t. e. equal to 

— / ; but that due to charge on the remaining portion of, the 
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condnctor, is practically tbc same as at P, i, e. equal to 
But Q being a point within the conductor we know that the 
resultant intensity, at Q i^ zero. , Hence • . i. . 

-/+/' — 0 (/ 3 ) 




from (a) and (/?) /“/■ 


2^{r 

k' 


Thus in the region in which dt is situated the intensity 
dne to charge on the remainibg portion of the conductor, 

is The charge ods on the elementary area ds, may 

k 

therefore be regarded as placed in ’ the field /'• Hence the 


force^on ds t. charge x intensity *=■ “ds x 




ds. 


■ ■ 'Thus the electric' pressure or^force par - dhtt area is 




k 


'■-'.•'c,.' ' ■ 4;rff ' ' ••A'/4n<r\!’ .feF*. 

Since the electric pressure / "’"St: ' 

If « so»p bnbble be' given a certain amount' of charge there is an 
outward electric pre'sjurc at'every point of the surface ; as a resnlt the 
babble expand! f lightly. i \ '• 

An insulated soap bubble of radius 8'dms receives a charge of 
40 E. S. units: . Find approximately the' increase in radius due 
to eleclria xn-essure. (Atm. Press. •=’10*:. dynes per sg. cm. Term 
oontaining surface tension may be neglected). 

Since aurfacc tension is to be neglected we may suppose 
that .initially thc,prcssurc inside the bulbil Atm — 10®, After 
the.chargc is given to thc^’ubbre.kt.the^, radius be increased 
by a small amount r,^ .Since Press xyol- Const., if. P. be the 
new pressure 

iO*x‘8* -P (8‘+'r)* ' // .'P rlti* -V ' ' " ' ' ' 

•1 ■ r.'.< i ;• 

' " Thus the new pressure P inside the bubble is- less than the 
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otjtside atmospheric pressure by 10* -P= 10* x This is 
balanced by the electric pressure in' the -6ut\vard "direction. 
Now, surface density — very approximately. 

••• EteeWe pressure _ 


Hence 10* x 


26 


8r- 


8 16x32^r 


’Sx 16x327r 


XIO' 


=4-14 x.I0-*cm. 


A rf 

^ We' know that unlike charges attract and 

Co*nc«ptlon ^'be charges repel. But what Is the exact 
J . . - - mechanism iby which a charged body exerts 

a force on another, although separated by some distance ? 
According to Faraday tubes of force associated With a charged 



body are not imaginary but have ‘got real existence in cpsc®. 
In order to' explain the action afa distance Faraday assumed 
two properties of tubes of force, ®ir. tubes of force are always 
in a state of tension and (2) tubes of force exert lateral 
pressure on one another.. If two charges are unlike several 
tubes of force connect them and due to the tension of these 
tubes the two charges are attracted towards each other. If 
two charges arc like no tube of force connects them ; but the 
tubes of force from one of them exert lateral pressure on 
those from the other/: It; is due to this lateral -pressure that 
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the two charges are separated from each other, *. e. they 
repel each other. [Vide Fig 70]. 


According to this idea the electric pressure over any 
area of a charged conductor is due to the tension of the tube 
of force emanating from the area. It follows 
Tcnilon of that the tension of a tube per unit area of crou 
tube JtF* ’ 

' zection is - ' It can also be proved that the 

i * ■' 

lateral pressure exerted by a tube on another is also equal to 


8v ■ 


If a rubber tube be pulled at two ends the tube becomes 
elongated and we say that the tube is in a state of tension. 

Obviously stresses are set up in the tube and 
tlf^mcdlum ® Strain is produced. In a similar way since 
a tube of force is in a state of tension stresses 
must necessarily be produced in' the medium. Again just as a 
rubber tube in a state of tension possesses potential energy 
similarly there must also be energy in the medium when a 
tube of force exists there. ' 

If we suppose that the cross-section ds of a tube of force is 
moved through a small distance Sx against the tension of the 

tube the work done thereby dtxSc. This energy is 

OJT 
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stored up as energy in the space now 
occupied by the tube of force. As the 
volume of this space is dt x Sx the 

. AF* 

energy per unit volume is-;; — ; 

Sir 


Let a line of force pass from one medium to another 
of specific inductive capacities in and ka 
respectively and let it make angles 6i and 
with the normal to the surface of separation. 
Let Fi and Ft be the intensities in the two 


Art 38 

Refraction of 
lintt of force 


media acting along the lines of force. 



Consjder a smaH dosed rectangolnr sriTface ABCD soch 
that (l) AB is in the 
upper medium and 
DC in the lower one 
(2) AB and DC are 
equal and are each 
parallel to the snr/acc 
of separation (3) AD 
and BC are infinite- 
simally* small and 
are perpendicular to 
the surface of separa- 
tion. 

Since A-and D are infinitely close to each other V^tnay be 

taken to be equal to V ; similarly V •"V , 

D ; B c 



4 

Since dificrence of potential is equal to intensity x distance 
and since AB •=• DC, it follows that ^ ^ 

intensity along AB —intensity along DC 

, Or Fi Bin — Fj sin ... (a) 

t, e. tangential component of the intensity is conlinuons (i. t. 
same in both the media). 

Again, since there is no charge within ABCD. the total 
no?maI induction over the surface is zero. AD and BC being 
infinitely small normal induction ovcr^tlrem is'also negligibly 
small. Hence 

Normal induction over AB — Normal induction o^r DC 
or AjjFi cos ^i — iiFj cos 

i, e, normal component of induction is continuous. 

' Hence, dividing (a) by (fi), 6s ‘ 

j 

or a const, for a given pair of media. 

tan kt 

• AB end DC are quite sniail but AD end BC arc niiteb astalfcr. 



Fig. 72 , 
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Art-39 We shall now describe a few electric machines 


whereby charge may be generated- All electric machines 
generally depend upon the principle of induction. Electro- 
phorus~onc of the simplest of such machines — consists of 
an ebonite plate P resting on a metallic disc 
Elcrtrophorus S known as tole. Another metallic disc C 
- , . , known as eever is provided with an insulating 

handle H. A metallic knob K is also attached to the cover C. 
To use the instrument the ebonite plate P is vigorously rubbed 
with cat's skin so that negative charge is generated on its 
. / , ' surface. The cover C is now placed 
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' on P. As the ebonite plate is 
rough contact takes place between P 
_and C at Jew points only. We may 
therefore suppose that there is s 
layer of air In-between P and C. 
Hence by induction, positive charge 
is generated on the lower face of 0 


and the free negative charge passes on to the upper face. ' If C 
be momentarily touched with Jhe hand the free negative charge 
passes on to the Earth. The cover may now be taken off by the 
insulating handle H. It is now positively charged and a spark 
may be obtained from the knob K. ’ The cover may again be 
placed on P and the proceedur'e may be repeated so that 
by once charging i the ebonite plate by .friction^ electric energy 
may be obtained a number of times. jThc repeated supply of 
electric energy is yeally^ obtained. from the work done against 
the attraction .between positive and negative .charges (on 0 
and P respectively)^, when the cover 0 is raised from the 
ebonite plate P. The^ negative charge on P also induces 
positive charge outlie upper , surface of the sole S, the free 
negative charge passing away to the , Earth. This induced 
positive charge on S keeps the negative .charge on P hound ; 
dissipation of the negative charge (on P) is therefore 
prevented. Thus the, function of the sole S is simply 
to prevent the charge on P from 'being dissipated away 
into air. ' ’ ^ 
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/ _ Although an electrophortis is satisfactory 

Art/ 40 so far 'as'it'gotis"ft'caij'aever produce aiargfe* 
Voss machine ' arnount ' of " charge."’’ To' -do '- this ' Vafidus' 
inacbines'h'aVe" been designed. '‘'I d the Voss' 
machine there are two circular glass discs of equal*sizeplaced 
side by side in the vertical position/ One of tbes? is fixed and 
the other can'be rotated. ■A''number"'of ‘small tinfoils is pasted 



at regular'intervals du, the revolving disc. These are hnovm 
as Bittds or carriers. * Two fairly' large tinfoils A and B are' 
pasted on the fixed ' disc/ ' These' are ' Known ^-as'arnjathr#*.' 
Two bent metallic rods Ri arid Ea are’ c’orinectSd ^respectively 
to the armatures A’ and B ; af the' other end^ they end in 
metallic brushes Bi and Bz which touch 'the carriers* as' they 
pass. Another metallic' rod E 'fixed in position ends in two 
metallic brushes Es and Bi which also touch' the sfuliis as they 
are rotated, . Two coZteeftnir coniii ['Vide Art 29] Oi’and C* are 
placed’ as "shown in the'diagram af small 'distances from the 

-r fJa the diagram ose:di«c ia shown to he oi- grester . this U 

done so that the diagram may be easily understood. 
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sttids ; they are connected respectively to Leyden jars* Li 
and Ls, 

Id the atmosphere one to the action of Sun's rays and for 
various other reasons small amounts of charge are always 
present. Let us suppose that one of the studs S is slightly, 
charged positively by this atmospheric clectricitv. As'the" 
disc is rotated in the direction of the arrow the stud S rotates 
and when it comes under the brush Bi it becomes momen- 
tarily connected to the armature 'B and hence most of its 
charge passes on to the armature. It retains however a very 
small amount of positive charge and when it comes near the 
collecting comb C2 its charge is collected by the comb and 
transferred to the- Leyden jar ,L2 and the' stud becomes 
uncharged. _ In this uncharged condition the, stud comes in 
contact with the brush Bs. Due to the .positive, charge on the 
armature iB negative charge is induced. on the stud and free 
positive charge passes on to the opposite'stud in contact with 
B« : this positively charged stud at B4 rotates and. the same 
action is. repeated as before.' ' As the .disc is rotated the 
negatively charged stnd at Ba comes in contact with the brush 
Bi and most of its negative charge passes on to the] armature 
A. The little negative^ charge remaining on the stud is 
transferred to the Leyden jar Li by the collecting comb Ci. In 
this uncharged condition it comes in contact with the brush 
B« and becomes positively charged as explained jbefore. 
Ultimately, .the studs in different positions are charged as 
shown in the diagram. Every time a stnd comes under the 
brush B4 another stud comes .under the brush Bj. Positive 
charge is induced on the former and negative charge on 
the latter — and free negative and ' positive charges destroy 
each other.’ Thhs as ' different charged studs come- .near 
the collecting' combs more and more positive charge- is 
collected in' Ltyden jar L» and more 'and ‘ more ' negative 
charge in Leyden jar Lx. The Leyden jars Lx "and L> 
therefore become gradnally beavily charged. ^ ' 

• 'VVhtt if « Leyden j«r will be explained in Art 44 . . - - - 


9Z 


' *Art4l' * 

. Wfmthurit 
' machine 


In tberWicjsbtirst njacbine also„there .aTp.. 
two equal circular glass discs. In this case 

. i t-..' 

howfcvcrr both . the disc.s can be .rotated* .Blit 


i- .-they,.; are,” so, :,gcared- that they.... rotate .in. 

opposite dircctiotis, Equal number ot, tinfoils., are pa-sted. at. 
regular iatexvalstbu each. of the two discs, , These, arc bno.wn 



5; Fig. 75 

» v.'. 'V .r 

• - - - I ' ^ ^ - »■ • ' ' ' 

as, Hud* or camsrs. . , Two niet3lHc , bru.shes.Bi and B^altachetl 
to the metallic rod Ri touc.b two.^qpposite stttds;on ,onc,of the 
discs and mctalljc brushes Ba and, B* attached .to ;tbtf metallic 
Tod; R*. touch two'oppo.site studs on the othcr.^di.sc.,,- As shown 
in the diagram pair.SiOf collecting combs Cj.nnd Ci cre^placed 
at small di.stanccs.from the studs in . the , two. discs., .These, a^^^ 

conn'ected to the Leyden jars hi and La. - 

To understand the action of tlae 'machinq 'rwe suppose that 
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one of the stnds — say. Si on the first disc is charged* with ' a 
small nmont of positive electricity. As the two discs are 
rotated in the directions indicated by the arrows ' the^ stnd 'Si 
soon^comcs before the bmsh Bi. The positive charge on the 
stnd induces negative charge on the opposite stnd Si in 
contact with B* and free positive charge passes on to the 
remote stnd S* (in contact with the bmsh Bi). Afterwards 
when the stnd Sx comes before the collecting comb Ot its 
positive charge is transferred to ,the Leyden jar Li* ^ In this 
nneharged^'cendition the stnd ,Si next comes in contact with 
the bmsh Bi. At the same instant the studs S* and Ss, on the 
second disc previonsly charged by indnetion with negative and 
positive charges, come in front, of the bmahes Bs and Bi. 
Indnetion again. takes place ; ■ positive charge^ is^ therefore 
induced on the stnd in contact with the bmsh B» and negative 
charge on the smd in contact with the broBh'B 4 . Free negative 
and positive charges moving along , the rod Ri destroy each 
other. These stnds on the first disc thus charged by induction 
with positive and negative charges afterwards come in front 
of the brasbes'BiYnd Bi respectively.'r Indnetion .again, takes 
place on both sides of the .rod Bi and free positive and 
negative charges cancel each other. The negative charges on 
the stnd (before the bmsh Bi^ is afterwards transferred.to'the 
Leyden jar Li by the collecting comb' Ci’. Ultimately the studs 
;in4iffcrcnt positions become charged as shown in the diagram. 
By the collecting combs Ci negative charge is trahsferred to 
Li and by the collecting combs Ct positive charge^^s collated 
in Li. The Leyden jars Li and L» therefore gradually become 
heavily .charged with negative, and' positive • electricity 
respectively, t« . r - 


In the machines de^cribed'in’^the previous 
.. articles charge is generated and multiplied by 

generator induction. Bnt in a Van de Graaff generator 
charge is rather collected than generated. G 
is a large metal globe placed at some height on a suitable 


ThU tney be doe to attaoepherlc, electricity. 
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•”inSiilating stabd. A ‘aod 'B are "two cylinders’ capable ol 
rotation round their respective 
axes. A band' of ' silk 'or ' 
rubber - or" "some ‘ 'other insulat- 
ing suTjsta'uce' passes round 
the cylinders" so ' that when 'the 
cylinders are'^ set ^into rotation ' 
the band revolves in " the 
direction » indicated ^ t!y*^ * the”" 
arrow. - C is a ' ' pointed 
'in position- 
frouf the 
connected >' 


n3etal]ic’'Tod 'fixed 'it 
-at’' a small distance 
•moving band. C is 



-to a source of constant’ positive" * 
potential so <-'that '•'positive 
charge cotucs to' C. < As liow. ' 
ever C -isr pointed the charge ' 

■cannot reside there ; it moves 
‘away - from the * tod ' ahd 
becomes attached to the’ band. 

This charge moves upwards ‘ ' Hig.'76 ^ 

along with the band. When the'charge ultimately comes before 
another pointed rod D connected to the globe it is immediately 
transferred to the' globe (by the action of the point ht D). Thus 
as'the"band rotates more and more-phsitive charge iS' collected 
on the globe. By a* suitable ‘modiScation- of ' the 'apparatus 
another globe-'niay 'simultanebusly ' be charged With negative 
electricity^ The potential difference between the globes may 
be extremely high. V-an de Graaff used two" globes 15 ft in 
diameter placed on insulating towers 22 ft high and obtained 
a potential difference of 5 million volts. 


Exercise V , , 

1. Two charges + 120 and — 60 are situated at points A and 
B 10 oms apart, Find a point on AB such that at this point 
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the potontial is zero. Is there any snob aeoond point on AB 
, prodnoed ? Determine a few other points in the field at .which 
.the potential is zero ; hence draw the- eqnipotantial .surface for 
zero potential. Bhow that this la a sphere ; find its centre and 
rsdins. ...... 

,..,An«. The points of zero .potential are C in AB where AG*= 

_6?.omB and D Jn AB produced whore AD •=20 cms. The equi- 

potential ^surface is the sphere drawn with OD as diameter. 
Centre 0 of this spbere'is at a distance of 13j ’’orns from A.' ' 

2. Explain in general terms how the forces of attraction 
and of repulsion between charged conductors may he 'explained. 
Obtain an expresalon for the tension’bf'a'tube of force. 

3. Define potential and potential energy of a charged 

condnotor. Show that potential inside a hollow condnotor is 
everywhere the same, r." .U .r. 

A metallic sphere of diameter^ 20 , cme is charged, with 60 
units of electrioity. Find the potential at a dista'nde of Co). 5 
, oms. (6) 10 cme, and (c) 15 oms. from the, centre., ’ 

Ans.' (o) 6 Ch) 6 (c) 4. 

: 4. jObtaln^an. expression for the intensity^at any point, olose 

to a charged ooudnetor.,: In what way does, it vary at different 
points near the. oonductor, when the condnotor is irregular 
in shape 7 ' ' ‘ ' 

, 6. ..A.very long oylindricsl. condnotor has a charge' Q per 

unit length. Show that. the field at a distance d from ihe'sxis 

"* 2Q'" * ...„S f.j. 

of the cylinder 1® , d being greater than the/ radius , of the 

cylinder. ■/ .'■■•Jl 

6, Calonlste- -the, potential in'olectrostatio units to'which a 
Spherical conductor .of' ohit-.Ta'dins.'hasito bd raised in order, 
that - the 1 electrical .preBsure .may be equal,. to the .normal 
atmospherio pro3snro,,yiz., 10* dynes per' sql^om,’ ' ' . ,0. ,11.', 1939 

Ans, 5013 C. G. S units. 

.Obtain, an..expre8Biqn. for the force per. unit area of the 
surface of a charged conductor. . 
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A so&p bubble is given a’oha'rge-so' tbat the' presanre inalde 
is ihe eamVas that bn'tBide: ■- Find'the amonht'of this charge' if 
the surface trension be S and the itoap bubble be of 2 cms' radius. 

-’Tt - t>- , ' 

' ■ ' An8'16A|/rS 


8. If the ladiuB and aurface teusion of a spherical soap 
bubble be r and T respectively, ahow that tbe'cfcaVg^ of "eieotri- 

'v , ' -> t - ^ 

city required, to expand ^ the ' bubble ~fcd twice' its lineir 
dimenaions^. would ,be 4A/:7rr"(l2T + 7rP),.‘ where. P'ia atmos- 
pheric pressure. ' " - I- - 

9. Show that ^ in .passing from one medium, to another 
lines of force are refracted. Deduce’ t^e law of this refraction! 

.V > , -r. r , - 


. .''Ji' -^r 


C. U. Questions 


ilS&Z, \7rite notes on (a) Eqnipotentiai surface (b) Van de 
Gran generator. . ^ ^ ' 

1964 (l) Write short notes on (u) V7im8b'nr8t machine (b) 
Van de Graaff generator. 

(2) / Derive an erpressidu' for the energy stored in a unit 
volume" of a dielectric mediucd' placed in an eiSctrostatio field." 

1965 Explain what is meant by total normal induction 
over a surface. State what relation this bears to the total sle- 
ctroBtatio charge enclo’sed by the aurface. Find the intensity 
at a point outside an isolated cbarged conducting sphere at a 
distance r from the centre. 

1966, 1974. State and prove Gauss’ theorem. 




. 1 


Deduce^an exiiression forrfche outward force.' per cm* on the 
•surface of a unifomlly charged oonduotor. , i ' 

‘ A metal ball 'of radius 5 cm is givenla charge of 100 ' elcctro- 
Jfiitlc Units. Find'the' force acting on it per unit area.'" ' 

i 'c .-f <. 

1968. State and prove Gauss’ theorem in electrostatics and 
use it to determine the electric infensity very’near the surface of 
a closed charged conductor. ' ' ' - * " ' 
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1970. (1) Write short notes on “Van de Graaf generator”. 

(2) State and prove Gauss’ theorem on total normal induction. 

1971. Define total normal induction and an equipotential 
surface. Derive an expression for the mechanical force per unit 
area acting on an insulated conducting surface having a surface 
density of charge a. 

A metal ball of radius 5 cm. is given a charge of 100 electro- 
static units. Find the force acting on it per , unit area. 

1973. State and prove Gauss’ theorem -on . total normal 
induction. ,, ' 

Find the value of the field intensity at a. point .outside a long 
charged cylinder. 

1976. ’ State and prove Gauss’ .theorem on total,, normal 
induction. Determine the electric intensity at a point close to 
a plane charged sheet of conductor. , . . • ^ 
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CHAPTER VI-.) , 


t? 


CONDBKSEXS , . 

, < S II - ' ' ' 1“ ' 

, Eet an insolat^'conduc’tor A'Be conneked to the positive’*’ 
j. terminal Jof’ an ■electric'^. '•' " ^ o' ' ^ 

Art 43 machine. Charge flows 
i 'to A from ’the machine 
until A acquires the 
same i>otential’as ''that'’of the machine.'' 

If n6w -'another conductor B — earth 

» J j ■» 

connected — be brought near ' A a 
negative charge is induced on B This 
negative charge on B reduces the 
potential of A so that a fresh supply 
of charge comes to A from the machine. Machine £oiih 
This again induces a greater amount 
of negative charge on B. This in its 
tnm further reduces the potential of A, and so on. Finally 
a fairly large amount of charge accumulates on A. 

A pair of such conductors separated by a nonconducting 
medium (known as dielectric) constitutes a condenser. 

Electricity is Uins ajjparently condeceed in A ; hence the name 
coodeaser. 


Machine 


If the conductors A and B are parallel plates separated 
by a dielectric the condenser is said to be a parallel plate 
condenser ; if they are concentric spheres the condenser is 
called a spherical condenser and finally if they are co-axial 
cylinders the combination is known as a cylindrical 
condenser. 

If B be not earthed negative charge is induced on the face 


' • If the conductor be connected to the negative terminal, negative 

charge come* to A. This laduces posiuve charge on B and the argu- 
ments still hold good aa in the article. 
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of B nearer to A trat free positive charge instead of .passing 
away to earth remains on the other face. of. B., This .positive 
charge connterbalancea to a great extent the effect of the 
induced negative charge in lowering the potential, of A. 
Thus the potential of A is> not so effectively lowered ; and 
therefore the accamnlatlon of charge on A is not so, large as 
when B is earthed. ;r 

; The capacity of a condenser is given by, the usual relation 

C— “ where Q is the charge on the conductor (called positive 

plate) connected to the machine and V is the, difference of 
potential between ^ conductors. If., the second plate (called 
negative plate) be .earth-connected . V .simply, means the 
potential'of the first, one. , . 


The energy.jof a cond.cnser=iQy— 


'■'Art 44 

' Leyden Jar 




The proof is exactly the same as in the case ^.of .a , singfe, 
conductor. ,( Vide Art ,25 ... ... : . . 

Xeyden jar is a practical form of a conden- 
ser. It consists of a glass vessel coated inside 

i f , - and ontside with tinfoils Pi, Pi. These two 

tinfoils.act asthCitwo pjates of a condenser and glass is the 
■ . dielectric between the two plates.V;"A" 
. metallic j.rod R passes through an 
, , .'insulating stopper at the moiith of the 
} .; jar. ,At the' upper end . the,.! rod, ends 
• . in a metallic knpb.K and. at the lower, 
end a metallic chain is attached ; this 
chain is in contact with inner tinfoil- 
- To charge the Leyden jar.it is held 
j , by tbe .hnnd' !nud.,tSie knob is , made 
, .. .,.. 7^ , . to touch the machine.., Thns the inner 

. coating is connected to. .the machine, 

(through .the knob) and tbe outer coating, to the Earth (ihrou^ 
the hand). Xeyden jar is thus charged. • . ... 

To.discharge the Leyden jar n pair of discharging .tongs is 


' R 
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tised. It consists of two mutoslly connected bent rotis Rj 
nnd Ri attached to an insulating handle "H. The hnobs at the 
ends of the rods are made to touch — one to the outer coating 
and the other to the knob connected to the 
inner coating of the Levden jar. Thns the 
outer coating is connected to the inner coating 
throngh the discharging tongs and the 
condenser is discharged. 

There is another process — n slow process, 
by v/hich also a condenser may be discharged. 

Suppose one of tbe plates A of the condenser 
has a positive Charge amounting to 100 
nnits. This induces negative charge on the 
other plate E. Now the induced charge is equal 
to the inducing charge only when B comphtelj/ turroundt A. 
In this case since B docs not complctfcly surround A the 
amount of negative charge on B will be somewhat less. Let 
us suppose that the charge induced on B is 98 units* Positive 
and negative charges on A and B, by their mntual attraction, 
generally tend to bind each other, Tn this case since none 

of A and B completely surrounds 
the other, charge on one of them 
binds somewhat smallcr cmonnt of 
charge (of opposite sign) on the 
other. The negative charge --98 
units on B is of course boned 
by+ 100 units on A. But the entire amount of -f 100 nnits on A 
cannot be bound by —98 units on B. Let us suppose that +96 
units arc bound. Thus + 4 units of charge on A arc not 
bound — they are free. If we therefore touch A these free + 4 
units pass on to the Earth. As soon as the charge on A is 
reduced to +96 units the entire amount of —98 units on 
B is CO longer bonnd. If - 94 units arc now bonnd - 4 nails 
are free. If we now touch B this - 4 units pass on to the 
Earth, "With the reduction of the charge on B some charge 
again becomes free on A, Thns by alternately touching A 
end B the condenser may be slowly bnt steadily discharged. 


+ 100 


-98 


•A 

■B 


Fig. 80 



Fig. 79 



Art 45 Let us consider the charging of fl condenser 

D(*pl 2 cemcnt ^ little more in detail.. ;In the circuitfshown 
current , . . . ‘ 

in- Fig 81 . when the key K is. closed' positive 

charge.begins to flow fr.om -the battery to,the;plate. Pi - of the 

condenser in which -air on some other substance ;is ‘ the 

dielectric between the plates. - This induces negative charge 

on Pi and free positive charge flows ■ back to the battery. 

This goes, on . until the condenser is. fully •. charged. -Thus 

. there: is,, a. temporary current in’ the wires connecting the 

.condenser to .tiie battery. ; Apparently > there, is ‘ no .current 

ielectric = .between the plates of the condenser 

. - r /i. a., there is, a discontinuity iii thfc space 

; , between the plates.' -hlaxwell however 

, • 'sapposedltthat, here also there is '-tio 

. discontinuity, i : According to m'odem 

: . vjdeas every atom consists of a’ positively 

. , charged nuclens surrounded by a nuinbrt 

. - . of , rotating: electrons. ' ' Thns'.^.eveiy 

„ B' ,.;j .. .. - molecule, consisting of* two i or . more 

,, atoms of; a ;substance contains both 

Fig. 81-!, .positive and, negative charges and th'ese 

. . ' ■5, /. r- -.charges are' equal in -.amount so that .'as 

a . whole the molecule is neutral. In the, case of a conducting 

substance some of the electrons at , least are loosely bound 

with the pncleus so that by the application: of an -electric field 

they, become detached , and .-begin: 'to. *move. ; -In fact it is the 

movement of-thesp free ^electrons that: constitutes the cutrent 

in, a conductor, iln the case of atoms, in- a. dielectric -however 

the electrons . are not , so,, loosely. ;bound to' the 'Utjclcos 

and ordinarily,, they canhot* be f detached" froar 'the nucleus. 

Nevertheless by- the, action of an -electric field positive and 

negative charges in a molecule are somewhat displaced wittin 

the molecule .relative to each other. : -Each' molecule, is . then 

a dipole or an electric doublet. . ..An elcctric donblet is exactly 

analogous to a small .magnet (or a magnetic doublet)- with two 

poles at the two ends. If I is the disf ance ; separating tte 

effective charges +g and -q the clecSic hiom^t of the 


through the di 
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doublet is qI. At osy aelthbotniog poiat it prodoces sa 
electric potential end an electric field exactly in the sane 
yrmf aa a s nail magnet prodttces a na^etie potential and a 
macttctic fields at any external point’ Thus as the’pl»l«* 
and Fa become gradually charged there is a displacement' of 
charges within the molecules of "the dielectric. 'This is 
eqniralent to a current known as diiplaemtnt mrrtnt. ' ' 

In the case of some dielectrics,' however, even without any 
external electric field the electric charges within the molecules 
are so permanently displaced that each molec^c is 'in reality 
a permanent dipole : snch molecnles ere known as polar 
mdecnles. . In the case of other dielectrics there is no snch 
permanent displacement of charges within the .molecjales. 
•Molecules in this case are called BOB-polar molecules. When 
a dielectric with non>polar molecnles is placed in an electric 
-field the molecnles become dipoles as explained earlier. In k 
didectrie with polar molecules with ''rid external electric 
the dipoles.’ «.s. the molecnles'of the didectrie are so 'oriented 
at random that the resultant electric' effect in any direction 
'is ail. ’When an electric field is applied the dipoles are 
gradually digned* in ‘the direction' of the dectric field, the 
degree of fLligamentrdei>ending on the' strength of the electric 
field. The electric moment of each molecule 'may also' be 
affected by the external dectric fieldi ” ^ 

A didectrie pieced in an electric field is analogous to a 
magnetic substance placed in a magnetic field. As we shall 
see in Art 188 the magnetic moment per'^unit voJuirie of the 
mimetic substance is known as Intensity of Magnetisation. 
In a similar way the total electric moment (of the doublets) 
per unit volume of the dielectric is’ called P(dartiation> 

, > <' In one form ’of I.eyden jar 'trie different 

^ parts can be separated ’ from ' one another. 

82 Pi iind Pb are the two metaUic 

plates separated by 'glass. In the usual way 

1 * 

, * This ia exactly asalogons to tfacj orje|)tatioii of atoms in a 
Bugnetlc field (Vide Art 142). _ ^ ; 
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by holding P* with the hand and by -connecting the knob K 

to the machine'. the condenser is 
charged. Pi and Pi ere now 
separated with the help of an 
insnlating handle and are tested by 
a gold leaf electroscope ; they are 
found not to po^ess any charge. 
On the other hand the glass when 
tested is fonnd to be charged. 
They ' are again re-asscmbled so 
as to from the original condenser ; 
a spark may now be obtained by 
connecting the plates Pi and Pi, This shows that charge lies 
not on the plates but in the dielectric. 

The energy of the condenser is due to the 
charge Strain caused in -the dielectric by the electric 
field. -When 'the' two 'plates of a charged 
condenser are 'connected a spark is -obtained and the strain is 
removed.'- It is'however- fonnd that .after a . spark has - been 
obtained from a charged condenser a second- (and possibly, m 
third) spark may also . be t obtained - before eWging the 
condenser again. This shows that strain is not removed 
completely by once discharging the condenser. There remains 
a residual strain in the medium, »•<. a rMidtial eharga on, the 
condenser- This: corresponds - to - residual magatHsm ,in 
magnetic substances.' [ Vide Art 139 J o , - r, 

- 47 - We' no'w consider., thei.effecti of joining 

condensers in parallel and also in series. 

Let Cl, Ct, C» .'be the- capacities of ' three condensers in 
Condantan In parallel ; one set of plafes of these condensers 
pmraltel jg connected to the machine and the other 
set to the Earth. Let Qi Qt, Qj be the charges on the positive 
plates of the three condensers. Since the condensers are in 
parallel the potential difi'ereoce V is the same in all of 
them. Thus Qi - CiV, Qi - CiV and Qi - CaV. 

Kow let us’replace these condensers by. a single icohdenser 
of capacity C so that conditions remain the same, i. *. the 



positive plate receives the total charge Qi+Qi + Q» andthe 
difFerencc of potential between the plates, is V. 


C, 



Fig. 8S 

* S.- 

^ Then5 Qi+Q, + Q»rCV 
' ■ ' or CiV + CiV+CtV-CV. 

- " V. ;Ci + Ci+C»rC . " •• (21) 

Let Cl Cl C* be the capacities of three condensers 
” connected in scries. Let the positive plate 

condenser receive a charge Q 
" ~ ^ from the machine. This indnees —Q on the 

next plate and the free positive charge Q passes on to the 
positive plate of the second condenser and so on. If the last 
plate be connected to the Earth the final free positive charge 
Q passes on to the earth. ^ LetVi, V*, V* be the differences of 
potential- between*.'* the plates in the three condensers. 



^ ,r 


Then obvionsly, the potential of the machine is Vi+Vj+V» 
and . „ Q*"OiViTCl»yji'“C»V» "••• W 
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As before let us replace the three 'condensers by- a single 
one of capacity C so that conditions, remain the same, i, e. 
the positive plate receives the charge Q and the difference 
of potential is equal to that between the first' plate'bf the 
first cohdraser and the last plate of the' -last • conddiser, ' ». «. 
equalto Vi+Vf+Va:' ' -• 

' Q“C(Vi + V»+-Vaj ' • -r ■ V 


Cl Cl Cl / 


,C ..A: C* 


1 ' .. 1 


-Cs, 


from (o) 


( 22 ) 


N. B, It should be noted that these resulted arc, just, the 
reverse of .those for .resistances,, in .senes, and resistances in 
parallel [Vide Art .,-|r ^ 

. . .Art48 . . , .. Consider , a condenser jConsisting of two 
- plates . charged witfci opposite, kinds 

' j:, ' . ; . of In this case , lines' of force 

.between thertwo, jilates are 
I parallel;, The intensity at ml 
_points,be^ecn the plates is 
constant and is equal to 

by ' Coulomb’s Theorem 


( 


D 


Fig. es 


(Art .85), where V, is the surface density .of the iiositivc piate 
and k is the.S..L 0. of the dielectric. ,. Hence ,if ,a unit positive 
charge -be, moved from the negative .plate to, .the .posltiye 

work done -Intensity x diatance--“d where- d-. is the 

distant between the plates ; by definition tt^’e .^work- ’done is 
equal'to the- difference „of , potential V'^tWi^ : the plates. 


Thus 


-V — - 7 — 

k 


But the charge Q , on the positive plate -iAv, wherh^ is 
the area of the plate. ' 

*' - , ( 23 ) 


C-0 -Avx 
V • 4*trti 


kA 

' 4xd ' 
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I If -th e . media m . be r 


C- 


air, the 


capadty-.is; 


And.-, 




givcB ' by 
'(23 a) 


From; (23) .and, (23a), it -is; evident that- imithe cMe of-a 
parallel plate,, -condenser the capacity 4s incrciascdf.i .times 
when the medium air between the plates is replaced . by, some 
dielectric whose S. I. 0, is. A;, This is true for all kinds of 
condensers. The, specific inductive capacity of a substance 
may therefore bo defined* as follows :^ — 

The specific inductive capacity of a substance is the ratio 
;of, the capacity of a ' cpndenserVwbcre the substance is the 
dielectric to the capacity of an identical condenser where air 
'is the ‘dielectric. 4 ';;; 

In’ the preceding discussion ^c' haVe assumed ■ 'thaf-tHe 
lines of force between the two plates- are parallel. *Tfiis "'is 
" "■'certainly true near" the central portion of the 
.Conde'nsor ' . Pastes,'' Bnt"^ the edge lines of . fbfce.>are 
■■■bent”' dtie to repulddn' of 4he neighbouring 
lines of force, which lie on one side only (see Fig. 85 ), To 
avoid this difficulty the' 'positive plate -Pi 'is, made -circular 
aud'is surrounded by another’ concentric plate JPa bfithe^ .shape 
of a ring ’(Vide Fig. 86). This ring^or guard ring," as it is 
called— js also maintained at the same potential as the central 
plate. The negative plate Ps covers the total area; below Pi 
and' P 2 - The lines 'dr-force ffoffi:' Pi 'aVe nOw 'vcry h 
parallel even hear ' tbe cdgc-hccVusc' they; are nd'w-- pressed- 
frdm’ both sides by -'neighbouring- lines of force. -“Such, a- 



■f:' 

-• '/.O 

Pr 




mm 


F 


Fisr. 86 


*■ Compare tbe definition 'given in Art..M. 
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condenser is known as a guard-ring condenser. The capacity 


of this condenser is also but A now represents the area 
of the central plate Pi only. 

More accurately, A represents the area of the plate Pi plus 
half the area of the annular opening between Pi-and P*. 

In the formula for the capacity A represents the area of 
the over-lapping portion of the plates. If 

Variable''" plate be slid ed or ex-centrically rotated 

Condenser 'keeping the other plate 

hxed, the area of the over-lapping portion is diminished and 
therefore the capacity of the condenser is also correspondingly 
diminished. The capacity of a condenser can also be adjusted 
by moving- one of the plates parallel to itself. The distance 
between the plates is in this case altered and the capacity is 
also correspondingly changed. A condenser whose opacity 
can be varied by any of these means is called a variable 


condenser. ^ . . . 

Art 49 , . In .article 48 the entire space was supposed 

Condenier with be^fillcd with a dielectric of S. I. C. , k. Tet 
- diri^trlc ns now suppose that the space is partly fiUtd 
with a dielectric slab (S. I. 0.-1:) of thickness t, the remaining 
portion being filled with air. If the total distance between the 
plates be d, thickness of the air portion is d - The intensity 

4‘JT(r 

within the dielectric is -j^aad that within air is Atj-. .Hence 


Difference of potential V ' 

— Work done in carrying a unit positive charge from 
the negative plate to the positive one 



Pig. 87- 


1(>8 


4?r<r ^ 

■ t + iiiv (d ~ i) 


k 

■ V- / y 

‘4v:a 


As before, the charge on the positive plate Q=Ao' 
V 


c* 


( 24 ) 


''/S ..... 

, if?. 5. j Since k is ti'sualiy mtich,iargcr tban^nnity, ,tbe 
capacity is increased by the introduction of the dielectric slab, 
r . ,(2) It ;is to .be ..noted that a dielectric slab of thickness t 

is equivalent to ’ air of thickness ^He^ce:•dn i:the,^preced. 

ih’g case the total equivalent air thickness— dT^t+r^.- :This 

therefore takes the place of d in (23fl). , 

, .in the preening section the dielectric slab •was Wppbs'ed 
to cover the entire area of the plates. Let us now suppose 
that the dieletric is introduced partly between the t^o plates’, 
in ;^this' case ;Wc have' really ’ two ' condensers connected in 
parallel; ' if 'Ai be'fhfe 'area''o'f'' the 'plate' covert' ; by . ?the 
dielectric and A* the area' of the remaining portion of the 

plate the capacities of the two portions are . -.-/r ■ } 

Hence the’ fciultaht capacity ’ 


and 


■At 

4vd 


Ai 


■Ai'-''- 


A_ 



Fig. 88- 
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Art^ Let us now ■ compare ■'the energies .of a 

condenser* parallel plate condenser wheul the medittm.'is 
entirely air and "when" a dielectric slab is 
introduced between the plates. We Oppose thaf 'the ' medium t 
is first of all entirely air.irthe- condenser is charged by a 
machine and then the dielectric slab is introduced between the 
plates. Two cases now arise — when we introduce the slab, 
do we keep the condenser connected to the machine orseparate 
it from the machine ? If we separate it the charge on the 
condenser is kept constant. Since the' capacity C increases by 
the introduction of the slab and since Q = OV, the potential V 
must necessarily diminish. On the other hand if we keep the 
condenser connected to the machine the potential of the 
positive plate remains^ constant ». B. continues to' be the same 
as that of the machine’) in this case, by the introduction of the 
slab 0 increases 'and hence Q also rnust increase b. more 
charge comes from the machine to the plate. Wo shall discuss 
these two cases by using difi’erent expressions for the energy 
in the two cases.' ■ , . . 


Case I. ‘ ' Chargc'remains'consfant. - "'j i"'? r -'.;: i , - 

* * - ‘ ^ -T i-' - * ^ i f** .*T ^ » 4 . - ^ 

• ^ - ' ' i ^ ^ I, 1' 

O* ,, 

Energy — Since C increases with the introduction of 




the dielectric slab the energy decreases. 

’ ■ •' ' - --f ■' 

Case II, Potential remaims constant. 


Energy *"iCV% In this case energy obviously rncrea^es 
with the introduction -of the, dielectric slab. 

Fore® on tho Now it is a tvell-known law in mechanics 
dielectric »Ub that the potential enCTgy of a system always 
tends ; to 'diminish. I Hence' .'When charge 
remains constant,' since by the introdntSion of the slab energy 
diminishes electric, forces tend to pull the slab in between the 
plates. On the other hand when , potential remains constant, 
since the energy increases by the introduction of the slab, 
electric forces tend to pash the slab out .of the plates. 

[ For the attraction between the plates. Vide Art 55 ] 
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■ Art si , . Let-A-and B^e .two concentric spheres ol 

S|rii€rlcai , - radii; a and 1 6 ., , respectively. Let; the inner 
. , . sphere A receive a charge Q and let the dnfer 
sphere B be connected to the -Earth. ^ ^ 

Ist Met]K>d'^ , 



In the space between the two spheres let P be a ' point' at 
a distance r from the common centre Q.; . , The point P being 
within B, the intensity at P is dne to the' charge' on A alone 

and is therefore c^al to ^ k being the S. I. O .of; the 


A ' '.r-; 

medium between the spheres. 






equation (18), Page 62j .. . , 

dr: 








.kab 

bra' 



Jll 


Secosd Method 

If Q be the charge on A the indneed charge on B is -Q 
since all the Q lines of force coming ont of A, meet B. 



’ S 

Fig 90 , 

The potential V (of A) 




(dne to iti own ctiarge) ' 

(dne to the charge on B) 

(Vide Art W) 

(Vide Art 33 Note) 

-Q^ 

•; > hab - ' 


/. The capacity 

* V o — a 

• •a ••• 

If the medium be air - C— ' 

b-m 

^ {25tx) 


The entire space between ,lhe two spheres has so long 
been supposed to be Slled-np by a' dielectric of S. I. C. i. Let 
ns now suppose that between the two spheres there is a 
concentric dielectric spherical shell of inner and enter radii n 
and r*, the remaining portion .being air. At a distance r from 
, ( Q — ■ 

the centre intensity within air”— f and that within the 


dielectric 



U2 


within air 


dV 

dr 




dV' 

■'C 


and within the dielectric ’dV-. ' 

dr ^ ,kr , 

Hence potential difference between the two spheres 

b ' rt ' , Vi 



L 5 


i.' • i 


^ ( o6 ik nn } 

krlrt(h-a)-{k~^)aU.rt~r i) ■ , 


k ab rvt 


( 26 ) 


t ab nrt 

V krir^b — a) — (k — l)ab{n~ri] 


, It ii to be noticed that In the above expreisioa if we pnt >=1, i. e. if 
the dielectric shell be replaced by air the above expreadon becomet 
dentical .with (25a]. 


Let tts now suppose that the 
inner sphere A is connected to the 
i Earth. Let the outer 
Art 52 sphere B ycceive a charge 

aphe'ro Q* 

earthed induced charge on A is 
, not eqnal to - Q ; for 
only a fraction of the lines of force 
from B passes inwards and reaches 
A; other lines proceed ontwards 
and pass on to infinity. Let Q' be 
the induced charge on A. Let 
spheres be air. 



Then the potential of A 



(doe to the charge on A) (dne to the charge on B) 

' (Vide Art S8) K'' ^ (Vide Art g8 Note) ' 

But since A is earthed its potential is xero. lo 



Hence finally the potential V of 



B is given by 



(dne to charge on A) - % (due to charge on B)’ 



^ Hi 


~ Art 53 r ' A and ^be co-azial cylinders of 
Cylindrical radii o and 6 respectively. let the outer 
ondenser gyijjjdgj B be'cqnnected'to 'the eaVlh,'' Let P 
be^a point betweeil the cylinders 
at a distance r from the common ® 
axis, Jil.Q be the charge per linit i " 
tengih on A the intensity - at * P- ' 


“ 7 ^’tVide Art 34], It being 'the 

S. I. C.'Of the, medium between 
. the two cylinders.' ‘ , 

'dV /2Q “ 

^ dr- ' hr , . 


or 


dv.-fe^r. 

hr ■ 


I ' 



B 



j «' f - r 

4 

1 


^ * j" ► * - t V'' 


1 

p 

f: - J ... . 

U *-i> 








' r. r*"-" 

< 



'' 


;<o ' 


IV ■ : 

■; • Plg,B3^ 

.o.r. r,' f-r, 




^■kr r/®';r20j ’ - 2QT' ■'f b v iv 


Q 




(28) 


'/< r ' ? " ' r/..-', S'*' ' 

SincerQ is the charge per unit length, the' above- .'e3:pre8sion 
gives us Ibe capacity of the condenser per unit length,^ For 
a length I of thc'cylindcrs’the capacity 

n 'r< 

- 1/1 / « » . 

C- 




o, ^ 

Slop,.-- _ 
, . ; 170 . ' f 


{28a) 


W 


A submarine cable is a practical example of the 
cylindrical condensc'r. The inner core — a conductor — lakes 
the place of A. The inner core is covered' by some, non- 
conducting material which represents the space between 
A and B. The sea water" which surfdunds ^thc ‘•'insulating 
coating serves the purpose of the Earth-connected cylinder 
> B- Thus fl and 6 in equation (28o) are the* inner "jand /outer 
radii of the insulating coating of the submarine* cable. 



IIS 


■' 111 the preceding articles if ^uumc-rical valnes-lh 0.* G. S. 
Art 54 substituted in the expressions 'for 

Numerical ^be capacity, - the capacity, is. .obtained in 
example Electrostatic units (E. S- units).; . To . convert 
this to the practical, unit, viz., Faradj the following table 
.should be remembered : — i"- • 

One Farad ■= 10“’ Electromagnetic, units 

( E. M. units ) of capacity. “ 

One E. M. unit of capacity. ' 

“ o* E. S- units of capacity, 
where velocity of light 

«• 3 X 10” eras' per sec. 

One Farad-10"? x9 E. S., units. , . ; 

.'S', - ;r — 9 X lOV E. .S. -units of capacity. ; 

iA: Farad is however too-large a-uhit for ordinarypurposes; 
a micro*faradr(r- lO'f Farad ) is . therefore, generally, nsed.p 
the practical unit. ' y> •_ r ; r- 

* One micro.fafadr 9x-I0? E. S. units of. capacity.. 

■Problems i* " '-r .sr 

' ne^conSudldr within' a'suimafih'e cable ts'o/ diameter 'SO mm 
If Ihe diameter of 'the ' oultapercKa' eoatirig ’'be ' 100 virh' find the 
capacity cf a cable 1000. meters long. 'I: C. of guttapercha’’ 

i'zj. , ■ 

Here the inner radius a — 40 "mm — 4 cm. 

• ■! •; jVthe outer TadiuS;b.— .50 mm — 5 cm. 

from {28a) ' 

■ ■ _ ■ 4‘2’«’3000x,100:.- ■; t.2M x;lO’ ■ . > 

■ ■-'» .-s'lcr;:!,,: 

: ,'7;:0?69x/2:303‘ 

; 7'474 X 10’ 


5 ilpgi#' 1 .25 X log, 10,.. 
-7-474'x I> 'E; s’ units 


9X10’ 


’0'S3 micro-farads. - 


A parallel'plalt' ebndensir- is -mdde_jup.. of Z1 [circular .metal 
plates' each of'diametcr'lO emsf separated bp'ihtets of.ptiea . of di- 
electric constant'6 avd thickness O' 2 mm.- -Calculate ■' stsrcapacitv 
in micro jardds'if altemaW plates are'connected together. ■- ■ < 
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.c . Here there we 20 , condensers^ in ^ parallel ..lor , each of 

:which:;, ’ • 

:A—jr^5®, d •• 0’2 tanr- 0*02 cms and i—6 vii . 
from (23) ^ 


' ,:^-i/ 20' x 6 X TTX S* 

4z X 0‘02 


^7500^£ s! nnit^ 


■i/:- 


•87500 av.r:- 
-'0'042 micro-farads. 


Exercise ;-;YI '"'■.‘.r ?; :: ... 

1. What ie a'cdhdenBef and wlii 7 is it-ao called ? 

Obtain an ei'preB8ioh ' '£or the ospabity of a parallel plate 
dohSenaer^ '^Is the aipresBioh'qnita 'abctirate ? : If hiot, explain 
'the reaadn why'^it ia inaebnrate. What modifiedti arfangement 
baa been made to remoye the inaoonraoy 7 ir.oiijaiq 

A ooodenter odhaiatrof-two dironlar ^parallel! pistes ;of.;die- 
meter 20 emi and 0‘5 mm apart in air. If the plates »e?;at/a 
diSerenee;^o(^potential.,.of .SOOjyolts ealqnlate the. charge pc the 
fOondenser.; [ilTVolt-'^JujE. S...anits of P. D. ] • ^ 

Hints 0 - / -500 and V-SOO Tolta -1 -E.' S. tinif; 

4jrx-oo 

..vVQ-CTV-SOO E. S.'.unit^;-f.^.. ^ 

2. What la a' gaard'rliTg'^-bbndeneii l-aWfay ie it need 
instead of ah ordinary condenser ? 

A dieleotrio. of thickness and of .S/i I; •. 0.^ h is inserted 
between the plates of* a parallel'plate condenser. If the distance 
between the plates be dyfind tbrongb. what distance mnst one of 
the plates be moved so that tbe capacity -of the condenser 

. . ■> •' . Ji_ 

remains nnohanged. ' - x'i jf 

■ 8, tWhat is m'oantiby ihe oapaolty ofra. condenser 7. , ; 

’ A parallel plate oondehser-is’msde'np of .61, pistes (each of 

'size B' dm xfi cm.) separated' by sheets .of, mica; of B.-L 0. ;6 and 
thiokne8s 0‘2 mm If the alternate plates are connected together 
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ottloulats the oapaoity of the coodonier in microfarads, [one 
microfarad ==9 x 10’ E. S. units of capacity.] ■, Ad 8...0‘063 mfd- , 

i. A coudenaer oonaiata of 201 oiionlar sbeets.pf tinfoils 
boparatod by mica of S. I. 0. 6 and tbioknesB O'S mm, alternate , 
piatCB bciog oonneotod together. If the capacity of tbe condenser 
be 0'4 microfarad, find the ladiua of tbe tinfoils. Ans. T15 cma, 

< 5. A parallel plate condenser of one. micro farad capaoity.is 

to be constructed, using paper sheets of 0*05 mm thickness .as .. 
the dieieotrib: ' Find how-many sheets of oiroular metal foils- of 
diameter 20 ems 'will be ^ needed- for the purpose. . pielectrio . 
oon'ataht for paper is 4'0.’ - -■ .ci. - An8,46. 

' *6. -Find ari ei:pres8ion'’'fbr:tho potential: energy of an in». 
Bnlated'ohargbd obnduoior.'' ' - ' ' > 

Two circular plates of'a parallel plate condenBer,,eaoh of . 
diameter 10 dhia., are'at a distanoe 6fi8 mm- apart.. .-.The .plates 
are charged "to a^^P. D- of''l0 ; after disconnecting .fr.om-tho- 
ifourbe of P. D ,''a glass 8lab:6 mm thick is'.introdnoed ..between 
tbe plates. Calculate the loss of energy produced .by, tbe intro* - 
ddetian of tbegiass slab. 'Finditlso- tbe. fnal" capacity of, the 
ooDdenser-'aod the potential 'difference betweenr. tbe .plates/ 
(S. r. 0. of glass- 6). . • Ans. 203*4 ergs ;,16'3 

7.. A charged oil drop of radius' 0*00013 cm is prevented^' 
from failing under gravity by the vertical electric field' bstween t 
two horizontal plates charged .to a differenoe of potential of 
d'dOO volts. The distance between the plates is 1*6 oms and tbs 
density, of oil is 0*92 gm per o. bi'Caleulate the 'magnitude of 
the charge on the drop. (One E. B. unit of D. — SOO volts 
and, one coulomb — 3 x 10* E. S. units of charge).' -Ans.' 4*80 x' ' 
10“^® E.S.,anit — 1*60 X 10“*® b'ouldmbs.’ * ^ - 

Hints' P. • D— ^ E. S.'nnil. Hence' upward foresj 

„ 27*7 . . - 4 ‘ 

on the drop — Qx-^Tj. — weight of the ■'drop=-y''5r (0'000l3)^r 

x0'92x981. Hence find Q, / “ * ' ' 

8. Two brass plates are arranged horizontally, one 2' omi 
above the’otber and the lower' plate is earthed.'" The platea ' are 
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oh»rg8d to i' diffareooe of -potenti&rieOOO volts. -^A ^drop of 
oil with ‘ ftn elootronic .ohargai of 4'774 x 10~“ E. 8. Ui is m 
equilibrinm between- the > pistes,, boj that it neither rises nor 
fallB. If the density of oil be 0‘92 find the radius of the drop. 

‘ ^ O’OOOlOSctn 

9. Explain the action of a .condenser and define (o) the 

oapaoity of a condenser and (6) the specific indnotiye ospscity 
of dielectric. ^ i t 

Tne thickness of the air layer between the two coatings of a 
spherical air condenser is 2 cm. Ube condenser bas the same 
oapaoity as that of a sphere of 120 cm. diameter. Find the 
radi of'tbe surfaces of’tho air condenser. Ans 10 oms ; 12 cms. 

10. Find the capacity of a spherical oonenser when the 

inner sphere is connected to>tbe Earth. ~ , r. 

'~tPwo exactly similar condensers are connected by a.wire and 
a'oharge of 500 unitada given to them. If turpentine of 8. 1. 0. 
2’16 be poured into one, of them-^find ,bow much charge flows 
from one condenser toranother. d : f. Ans STS units. 

'■ -ll; ' A submarine cable consists of copper wire^of dismetor 
4 mm sniTounded by gnttapereba of thiokness 6 mm. If the 
B. I. 0. of gnttaporoha be 4'2, find the capacity (in mioro-farsds) 

of 30 Kilometers of the cable,, [one roioro-farsd “ 9 x lO’ E S. 

*>*■ • 

units of capaoityj. ^ , ,, , Ans. 6’05 mfd. 

, * " ‘ C. U.^ Questions. ^ - » . 

1962, .Find the .oapaoity of a condenser consisting of two' 

eonoentrio metallic spheres the inner of which is ohsfged and 

as 11. - , 

the outer one earthed. * j, . , 

1962. Define the capaoitanoe of a condenser. What Is 
the praotioal unit for it ? Deduce an expression for the 
capacitance . of a 'parallel plate condenser .with a two-oompo- 
nent oomponnd dielectric. Dlstingnish between the terms 
polar dielectrics and non-polar^dieleotrios. ' , 

1963 Write notee on “Dipole”. 

1964 What do yon mean by ‘dielectric constant' ? 

.Write abort notes on ‘Dielectric polarisation . 
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I9G5. r Explain wbat is meant byi tbe statement .-that' the- 
oapaoitanpe of a condenser is ono'mlorofarad,‘;rrt"l-' ? t': ’.iv.'- 

Three capacitors each of 6 mioro-farads oapaoitanoc ''are- 
oonneoted in series and a battery’- of 100' volts Sjjplied across 
the ^combination. Calqnlate the charge taken. from'thcl)attery 
and-the_ODergy, stored, iji .the Capacitors.,'- . --v -''3 -- 

t ' Ans. (a) 2 X lO'^'oonlombs (6) 10“* Xonlesy 

' -1966; ’-Dofine-the'capaoity-of an ’el 0 otridar"ooffdenier;'’'Fina 
the oapacityj per nnit-length"6f si oondensor ooneisting of two''’ 
co-axial cylinders of radii n and ri (ri>r 2 ) • tlie' 'space between" 
the two cylinders being filled op with a material of speoifio 
indnctive capacity k and the onter cylinder connected to the 
Earth. 

1967. Find the capacitance of a parallel plate capacitor 
with compoond dielectric. 

Two capacitors of capaoitanoea S/iF and 6/^P are connec- 
ted in series and the resoltant combination is oonneoted 
across 1000 volts. Calonlate (a) the eqnivalent oapaoitanoc of 
the condenser (b) the charge taken by each condenser. 

Ans. 2//F ; 2-X 10“® ooolomb. 

1969. Find the capacity of a paralJel plate condenser with 
compound dielectric. 

1970. Find tlic capacity per unit length of a cylindrical- 
condenser, the outer cylinder being earthed. 

A metal wire 1 mm. in diameter is stretched along the axis of 
a conducting cylinder whose internal radius is 1 cm. Calculate 
the capacity of the structure per unit length in microfarad. 

1971,1974. Define a condenser in electrostatics. Find an 
expression for the capacity of a parallel plate condenser 
with air as dielectric. 

Find the capacity of two circular parallel metal plates, each 
of radius 10 cm. separated by an air resistance of 1 mm. Express 
the result in microfarads, 

1973. Find an expression for the capacity of a parallel plate 
condenser with air as dielectric. 

A parallel plate condenser consists of two plates of area 



500 sq cm each, separated by a sheet of mica 0 075 mm thick. 
Find its capacitance in microtfarads, if dielectric constant for 
mica ht 6‘5. ^ - - * 

1975. Define capacity of a condenser. 3 

Find an expression for the energy "of a charged condenser, 
A charged condenser of capacity C is made to share its charge 
6 with another uncharged condenser of capacity 2C being 
connected in parallel. Find the sura of the energies of the 'two 
condensers before and after sharing. Account for the loss of 
energy in the process. - . - 



CHAPTER VII 


KKASTTEBMElrtr OP 'POTBNTIAl., CAPAOTI 
AND SPECIFIC INDUCTIVE CAPAaTT 

Electrometers are instruments by which the potential 
difference between two bodies may be measured. 

Art 55 . Attracted Disc Electrometer. 

This is also sometimes called Kelvin’s Absolute 
Electrometer. 

The action of this instrument depends upon the force 
of attraction between the plates of a parallel plate charged 
condenser. Let ns find an expression for this force. 

Let Vi and V» be 
the potentials of the : 

two plates of a para- , _ 
llel plate condenser, , 

r' ^ r , 

thc^platcs being sepa- " 

rated by a distance d. ^ ‘ 

The intensity at any point between the plates, is therefore 
Vi-V» ' * 

equal to — — . By Codlomb’E Theorem if o be the surface 
<s 

density of the positive plate the intensity is also equal to 4x<r 


t 

'd 

t 


Hence 


4.c.yir.Y* 

d 


Vi-Va 

i-ad 


Again 2x0* is the electric pressure or force per unit ares, 
on either of the plates. Hence if S be the area of a plate the 
force with which the two plates arc attracted towards each 
other, is 




8 xd» 


(Vi-V*)* 


Vj-Vt-d>J?5? , 


(o) 



connected to s potential "Vi. The two plates being thns at 
a difference of potential there is a force of attraction acting 
between the two. The position of C is slowly adjusted nntil 
dne to this force of attraction A comes in flash with B. We 
then have from (a) 

'' S 

where dt is the distance between A and 0 and S is the 
area of the plate A. 

0 is ^discharged and is again connected to a second 
potential Vt. By adjusting the position of 0 A is again made 
flush with B. 

Then V-V*=dt\/H^ 

' S 


where dt is the new distance between A and C. 
By subtraction V* — Vi ""fdi - dt) yj 


di-dt is the distance through which 0 is moved between 
the first position and . the second and can therefore be 


accurately measured by the micrometer screw. 



constant for the given instrument and can be easily determined 
from a knowledge of the values of m and 8. 

Thus V»-Vi is known. If Vi=0. i, «. if C be first 
connected to the Earth and then to V», the actual value of Vi 
can also be determined. Since the value of Vt can be 
determined from a knowledge of the different constants 
involved in the equation the. instrument is known as an 
abiolute electrometer. 

A condenser consists of two eiretdar plates of 20 ems radiv. 
separated hy an air gap of 6 mm. If the plates are at a difference 
of potential of JO E. S. units find the force bstsceen the plates. 
Calculate al»o the work done in separating the plates from the 
present position to a distance of 1 on, fks potential differenee 
being maintained constant. 

43r<r»- Intensity ■•“^^■•20 •*. <r*-— 

1' o ^ 



il24 


Hence - force of attruction r^Area X2f!r<r} 


25 


26V 2^900 


ATrc” — r-'' or 


ora. 


‘ 5' 


■ 0: 


.2to 
25 5000 


; .*. Force, of- atfractfon “ff... 20®. 2ff .— ^=^Tr-5- •, 


1 '. 17 '*; ■ r:-T 

Hencereqairedworkdonc'^r- f 5000 ergs. 

,2i.7'-V7 oi !' f'.'- .''--A’') L-’-'a; J," frj'n-'V. • ■- 

O'S ' OS. 

.{.! !''■ :',L' 

Art 56. KcItIq’s Qaadrant Electrometer 

•- trAr'T 

The Quadrant electrometer essentially consists of four 
hollow quadrants made" out of a flat cylindtical hollbw brass 
box, each quadrant being supported by a glass rod.,,,. Opposite 
quadrants are electrically connected. The two pairs Aa and 
BBthus formed are &nnected to’Totfentials' Vi-and- V» * whose 


■'A 



light aluminium needle of the shape as:shown in the figure as 
suspended by ca fine silver wife|,so. that. ithangs-inside these 
quadrants. The suspension wire is attached to a torsion 
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head at the top » this is adjusted so that initially the needle 
lies symmetrically among the four quadrants. It is obvious 
that each quadrant together "with the portion of the needle 
within the quadrant forms a pair of condensers, the tipper 
face of the needle together with the upper portion of the 
quadrant forming one condenser and the lower face of the 
needle together with the lower portion of the quadrant forming 
the other condenser of the pair. If the needle rotates in any 
direction the portion of the needle within one diagonal pair of 
quadrants increases and that within the other diagonal pair 
decreases. The needle is maintained at a constant potential 
V. When the needle rotates the capacity and hence the energy 
of the condensers formed by one diagonal pair of quadrants 
increase and the capacity and energy of the condensers -formed 
by the other pair dccTcnsc. 

Due to elcdric forces' the needle begins to rotate and as it 
rotates the suspension wire gets i twisted. Equilibrium there- 
fore takes place when the couple due to electric forces is’ 
balanced by that due to torsion. 

If 0 be the final deflection of the needle ( — say, in the 
direction of the arrow, see Fig 96) and if p be the coefficient 
of torsion of the wire the torsional couple is This is’ 
also Ihcrtfore the electric co'uple in the c^juilibrium position. 

Let us now suppose that the needle rotates through 
a further small angle dO. Since in this case all the conductors 
are maintained at consl:ant potential';, for the small rotation 
the work done by the electric couple is equal id the gain in 
electric energy of the system. The former is obviously equal 
to fiOdO. We now proceed to find the latter. 

Let C ^ be the change in capacity of any diagonal pair of 
condensers when the needle rotates through a unit angle (t. e. 
one radian). Thus for a deflection dO of the needle, the B pair 
gains in capacity by CdO ond the corresponding loss in the 
A pair is also CdO. Since the energy of a condenser is 
i (capacity). (Pot diff,)*, for the B pair the gain in energy is 
i CdO (V~Vt)*, and for the A pair the loss in energy is 
i CdO (V — Vi)*. Thus the net gain in electric energv 
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.. -ioj0{(v-yii*-(v-,Vi)*} . „ . . - ... . 

-Hence /*®i5-iCdfi{{V-W®-r(V.-y:)«},, 

. ^‘-”(Vi'-V»)(2V-Vi-V,)- 

... (29) 

- ^ . . • C •! ■ ' ’ . " 

where K*>jy 

There are two ways -of tising the instrament— 
(1) Heterostatic -and (2) -Jdeostatic. - , . , 

(1) Hctcrostatic rnethod. In this method V Ls made very 
large; much larger than Vj+Va, , Bence equation (29) reduces i 
to O-KV(Vt-Vt). 

Thus O ' is proportionay .to Vj-Vt. . This is the ureal 
method. - In this case sincfe Vi — V* is multiplied by. V which 
is .very large ' it is clear, that even if ..Vi - Vt is small 0 will be 
fairly large. Hence small difference of ‘potential may be 
•measured' by this inethodi 

: (2) f-Ideostatic? method.- -In this method V is made equal to 

"Vi or Vs. 'r.-ir.:- ' ' 

. If V ”* Vj, equation (29) reduces to 

/ 0-k (Vi.TTV*) - 

Thns 0 is proportional to the , square of the potential 
difference Vi -V* *• e. 0 is positive even when Vi- Vs is 
negative. Hence aiternaling potential difference _ may . be , 
measured b^ this method. 

It will be seen that the value of the potential difference 
Vi — Vi cannot be determined in absolute measure by this 
instrument ,* for, the constant K in equation [29] cannot be 
determined in absolute measure — ;it can only be found ou^ 
by first using a Anoton potential difference and noting the 
corresponding deflection 0- Quadrant electrometer is not 
therefore an absolute electrometer. 
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In the DolczaJck form the instrnment is very sensitive. 
The needle is made of paper on which a thin layer of some 
metal — nstially aluminium is deposited. It is suspended by 
a thin quartz fibre which is made conducting by dipping it 
into a strong solution of calcium chloride. A small mirror is 
attached to the quartz fibre. A ray of light reflected by this 
mirror is incident on a scale. The rotation of the needle is thus 
measured by the deflection of the spot of light on the scale. 

An-elcctrostatic 


Art 57 


Electrostatic 

Voltmeter' 





voltmeter- is in 
principle analogous 
to - a Quadrant 
electrometer used heterostalically. 

There are however only two 
ouadrants placed diagonally in a 
vertical plane ; they are electrically 
connected. An aluminium vane 
(serving the purpose of the needle* 
in Quadrant Electrometer) is 
also , pivoted in the vertical 
plane within the quadrants. 

The vane can > rotate about a Fig. 97 ^ - 

horizontal axis passing through the centre. To the lower 
part of the vane, is -attached a small - projection carrying a 
horizontal knife edge. A suitable weight placed on this 
knife edge, serves as the control ; when the vane .is deflected 
by electrostatic forces this weight tends to bring back the vane 
to the original position. The upper part of the .vane carries 
a pointer moving over a graduated scale. When the vane and 
the quadrants are connected to two , different potentials the 
vane is deflected. If the scale be graduated in volts by 
previously calibrating the instrument the difference of poten- 
tial can at once be obtained bv noting the deflection of the 
pointer on the scale. It should be noted here that the 
deflection is proportional to the square of the difference of 

• The electrometer is here used heterostalically, the needle being 
connected to a potential dICerent from that of the qnadmnta. 
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poiehtisi;- Hence this iustriitnent'cati bense'd' forTmeasoring 
rapidly, alternating F.- ■'For . naeasuriig; ^high potential ' 

<iiffercnce— 1000 ' volts' 'or' 'inote—^his 'is a very''‘stiitab]e 
instrument, partlcalarly'becanse there beingvno eiirrent throngh 
the instmmeat there' ia* hb' wastage of power;' - For different' 
ranges of volts different' controlling weights are-.nsfcd. 

Art58 : : Kelvin’s Null Method, r nc . . >. 


v. . r This method is very similar to 'Wheatstone's' 
Meaturement • , . , .t j - r ■ • • . « 

of capacity ' -bndge method of measnnng a resistance. To 

meashre an 'uhjenown capacity we' require 


B 



^ three other 'known capacities 
' ' " one' of which 'is variable. Four 
■ ; capacities Ci, Ct;-' ' Ci, Ci' 
arranged"- in a' mixed circuit’ 
' are; 'connected -'to" the '-two 
'^terminals' of -ia -- batte^i'as 
* ' "shown in Fig. 98. The mid- 
' points B' and D • of ^thc two * 
parallel circmts ate connected 
: tb'the'Wo pairs bf-'qUBdrants 

- br-’the electrometer "E. The' 


variable condenser — any of the four 'condensers - may 'be 


variable^ — isadjastcd'nntil the electrometer sb’ows 'no' deflec- 
tion.'' In 'that case ■points B and”D are at the same potenti'a!.' 
Bet Qi and Qi be the cb'argcs bn 'the positive plat'&s Of Ci and • 
Cj respectively, ' ~Qi and — being the- induced negative ’ 
charges on 'the“ cbtresp'ondihg negative plate's, "free positive 
charges Qi and 'Qi pass bn to the positive plates of C* and C^. 
•Hence --Qj'®'C)(yA'“VB)*“Ci('VB— "Vc)'-' 

‘ ' 'and 'Qj = Cs(VA'-Vd)«C«(VD“V 

Since "Vb^Vd;' we have "hy"' dividing the -iti equation by' 
theSnd. - ■" " ' ■'i'"' < >' '• - 


'■ Cl '■ 'ci" ' ' '~Gt^'’'C8'' ' '"V ' ■' V. , 

'Thus of the. fotir capacities if three be khoyvh thhfpUrtb 


can befound ont. 

t 'Vide also Arts 115 and 155 ] ■ 
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Art59. . Dcferminatlon-of S..I.€. of.a dielectric. - . 

' HOPKINSON’S METHOD 

Solid Dielectric i :: i 

In this method the batteiy consists of an 
even namber of .cells, the middle, point of the battc^ being 
caVthedrHcncc if +y be the potential, of the.positive terminal, 
of the battery, . -V is the potMtial. of . the negatiye terminal. 



Ki and K* are two levers, whicb can be .made - to touch the 
upper or lower studs as desired. E is a quadrant electrometer.^ 
one pair of opposite quadrants is connected to the upper studs 
(which ate mutually electrically connected) and the other pair 
is earthed. 'When Ki and Ki. are in contact with the lower 
stnds, the two terminals of tne battery arc connected to the 
two plates of the condensers S and G.j.tbe other two plates of 
these condensers are earthed. S is a sliding coaxial cylindrical 
condenser, the capacity of which can be varied by sliding the 
inner cylinder inside the outer one, G is a ^ard ring air 
condenseti .the lower plate; of .which can r be moved , up or 
down parallel to itself, , S and G being connected- to potentials 
equal but opposite in.Eign< + V and -.V) the -Charges on;S and 
G are certainly opposite ; they arc also equal provided -S and 
G ha^'c equal capacities. In that case on making the keys Ki 
and Ks touch the upper studs, 'these charges neutralise hach 
other completely and the electrometer E shows no deflection. 
Hence the prbccedurc is •' this ^i^the sliding condenser , S is 
adjusted until on making the levers' Ei’and Ei touch the 




lower stnds hnd then tbe .tipper ones, there is ab deflection in 
the electrometer.-- ,^6 = then, conclude that the capacity of 5 is 
equal to that of G. ^ - - , : 

Next' a slab of the dielectric' whbse' S. I- C., is to be 
deterained is placed bn the fbwef jplate'bf G. ’ S is tib more 
disturbed but 'the lower'piatc''bf ''Gls ^ iouie”rVd uhlil oh 
repeating the previous " oper ations, the' clectromctbr igiiix 
shows no deflection. The capacity of ..G is. ^again , equal to 

that of S. Formerly, the. capacity of G- — - where A is the 

w,..;: * •" .5. , 47ru • I 

effective area of -the plate "and if ' the distance between the 
plates. ■A'nd;now, the capacity of G, , ; 


4jr 


■ ■ ■ 1 — - ‘A — : rfrom{2^j.1, i '! 


where «•" distance through which the lower plate is moved, 
<=thickt)ess of the dielectric: slab, 
h=8. 1. C. of the dielectric. 

Arid, since in each case the capacity of G is equal' to that 

'i /vrr-^ :r :-wr‘ ,■ 

of S, we have . , . 


i 




,;J[ i-'r-v ' < {dr- t + :’T!;r '' 

•■■.w j '.y. f;-? r;? :nT-: 




• • 


-—=t-x .. k— 


' Since SE'is'the 'distance" through --which- the lower 'plate'^is 
moved 'it* can'^bc- nieasUre'd'' very- accurately There' is no’ 

difflculty abbuf-‘-m'easuring‘-'t Vccuratclj’.*' -' Hence, "k-'can 'be' 
determined accurately by'this ruethod- " 


Art 60 . Arons and Cohn> meth^. ^ 


.r* 


; 3- - V ' - .:An -.apparatus., designed by ' Silpw -.-was 

i j .Arons .and .Cohn ior-measuring the 

%i-:. ■' c. L.S.'.-I. C, .of liquids. -It consists of a> cylindriwl 
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glass Vessel along the inside of which (out vertical strips of 
tinfoila A, B, 0, D. are pasted. The opposite pairs A, C and 
B, D are electrically connected- A horizontal arm. E' of 
platinum carrying two aluminiom pieces F,-F curved so as 



to be parallel to the sid'es*’ of the vessel, serves as,- the needle. 
This needle is’suspendtd irom a torsion head at the topi The 
needle is aiso coMected to one pair .of tinfoils so that this 
apparatus is completely analogous to a Quadrant Elecriometcr 
used idedstatically. Order to measure the S. I. C. of a 
liquid SUow’s apparatus tand a Quadrant Electrometer (also 
used ideostatically) are, connected to a generator G of high 
frequency alternating potential as shown in the figure. The 
needles in both the apparatus arc deflected. If and dj be 
these deflections and V be the P. OD. between the terminals of 
the alternator, w-e have; ^ -j, 

(for Quadrant- Electrometer).); r< 

. ihnd'- 6**^ A»V* (for'Silow’s apparatus);; ^ ' - Ji. v r-i.-. -j 


= ’ where' Ai and' Ar'ijfe 'fh'c' two" constants '■•ol''^the'-'twd 

- \ 'v'''' 

Next the. liquid yrhosc S. J, C. is to te. id ’ -** 

poured into Silow’s apparatus ; the capacity of < ' ; 1 

is therefore increased k times where, i, i* , '■ ' • 

liquid. Hence if 03 and be the neyy ■ 


’ ® 3 ‘=’ AiV* (for Quadrant • 

and, (for.Silow’a; . 






1st: 


■ ■ ; r 7 ; ; . . Ai -■■, ■ 6i ■ 

; .i ®4,:, k‘. At^f ; .fc^'r- j.. 



' If JBi The P. D.'betwcen the: tenaiaals of •flD;>.;«lteraatorr;doe« not 
•Iways Remain the samc, j. V,in (a) .gnd,.y.Jn (/?) arc not neceiiarily 

equal. Hence ( 7 ) 03 and Jif 41 — . 


Art 61 .BOLi'ZMANK'S METHb-D. I 


Gateous ’ ' - — ^ apparatus esse-ntiall^ , consists of a 

Dielectric i f 'parallel 'plate condenser^enclbsed in a brass 
1 box.'which can be exhausted or filled with any 
gas as desired.; The jipper plate P is connected .to’the positive 



terminal of a battery through Ki*, the- 'loWef'plafe’Q'is 
connected to one pair of quadrants! of a quadrant.elctlrometer. 
The other’ ^ait of quadrants,'-; the. brass-^boxi ’and'. the negative 
. terminab.o^-the battery arc all; connected , -to f,the .Earth.,- , The 


plate Q may also be connected to the Earth by pressing the 
key Ks, To find S. I. C, of a gas the. following operations are 
successively performed ' 


1; The brass enclosure is cxhRiisted completely, Ki and 
K'j are both closed. If there be n ccll.s'in the 'hattb’iy and if V 
be the E.’.M. F. of a singie cell the potential of the" plate P 
«nV, the plate Q’ being'at zero potential; ' The ‘electrometer 

obviously .shows 'rib'deflection.'’ - 

/g ,2. ..The key Ki'- is -’opened. ‘ The’ closure is filled with 
ga^ If k be the-'^S. 1. Crof-the'gas^the capsciiy of the con- 
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denser is increased k. times: and, since. i the charge on' P 

remains constant the potential of’P'is nbw'^; Kt being stUl 

closed the potential of Q remains zero and the . electrometer 
also shows no deflection. j -. . . , 

3. K* is now opened and Ki is closed. , Additional-charge 
comes irom the battery to P, so that the potential ofP rises 
to the original value nV. Q now acquires^ a potential . due . to 
this extra charge on P .and the .elcctometcr shows a^dcfleclion, 
—say, or. ^ This. deflection or is' evidently proportional to. the 
increase in the potential of P. , . j. , 



4. Ah-edditional cell is now included in the battery. The 
potential of P increases by V. The deflection of the electro- 
meter inereazes by an amount /3, 

Then -f /S -CC' V 





Exercise VTl 


• -1. Ah Inialated'cirouliT metal pl&te of'S'cm raaioB ls pven 
a cbargB': if is then' fbuu'd ■■to'''be attracted ibwards another 
exactly similar but earth connected plate placed below the 
former at a distance of S'm'm'. Tf tl'e force of attraction be equal 
toO'4 gm wt. Bud the'charge on the insulate plate, '» , > 

i g“930 omt/aso* 3 ' Ahs, ii2T:. 8. units. 

2., Explain the action of the Attracted Disc' Electrometer. 

--■Two' platei, each ol area flO'tqi ems - are-'mainUined at a' 



aiffereoee of potential of 1200 Tolts. If the diitanoe between 
the plates be 0 5 cm, find the force of attraation between tben 
[ SOO volte -one E, S. unit of P. D. 3 Ans 50'93 dynes. 

3. Desoribe • and explain the action of the Qnadiant 
Eleokrometor. How would yon nee it to determine (a) the 
B. M. P. of a cell and (6) the strength of a current. How can 
it bo used to measure (a) alternating E- M. F. and (6) very 
■mall diderenoo of potential. 

4. The plates of a parallel plate condenser are 2 ems apart. 

A slab of dielectric of 8. 1. C. equal to 6 and tbioknots 1 cm 
is placed between the plates with its faces parallel to them 
and the dietanee between the plates ie altered so as to keep the 
eapacity of the condenser unchanged. 'What is the new distance 
between the plates ? 0. U. 1946. Ans 2'8 oms 

A A 

Hints ! — If a be the new distance — - — —/ 7~7~is 

,4»’.2 '4r{a:~l + .^) 

C. U. Question. 

1960. Describe the construction of an attracted disc electro- 
meter and deduce its working formula. 

An insulated plate 10 oms in diacoeter Is charged with elec- 
trieity and supported horizontally at a distance of 1 mm below 
a similar plate enspended from a balance and connected to 
Barth. If the attraction is balanced by the weight of one 
dMlgram find the charge on the plate, (g— 980 C. Q. 8- onit). 

Ans. 86 E. S. U. 

1961* Describe a Quadrant electrometer and give the theory 
of action. When la it used beteroetatically and when ideostatl-i 
cally ? 

1962, 1965. Defcribe an attracted disc elaotrometer and 
deduce its working formula. Why is such an electrometer 
called an absolnte electrometer ? 

1963. Describe fully any one method of measuring the 
potential of a .charged metallic body. Indicate clearly the 
precautions to be taken for this measurement* 
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1966. Giro the eonetmokioD kod principle of Mtion of 
tbe ktfcrsoted disc eieotrometer. 

C»lonUte kbc force of ettraction betwwn tbe lower and tbe 
npper ditoB of an attracted diao eleotrocdoter' wlien -a" potential 
difference of -1000 volte is applied between them, given that 


they are 0*6 cm. apart and of area 10 eq cm. A,ns. 


600 ^ 

— dynei. 


' Hinta : Vi — V*=1000 TOlti*=-Y-H. S. nnit. 

1970. Describe and explain the action of an attracted disc 
electrometer and deduce the working, formula, , In; what sense, the 
eiectTometer is cs)^ed ahsoiute? . 

Two metal plates each of area 20 sq.^cm. .are maintained at a- 
difference of potential of 1200 volts. If the distance between 
the plates be 0‘5 cni. find the force of.attraction -between them. 

, 1972, 1976. Describe the construction of a Quadrant Electro-’ 
meter and explain how it is used tb'tneasure difference' of- 
potential, clearly mentioning the difference between hetero- • 
static and idiostatic uses. ‘ ' 



: CURRENT- ELECTRlCiTY 

CHAPTER Vni 

O ' V 

CEIXS, CtTEBENTS AND EESTSTAlTCSS 


Art 62 . If a point A 'at a 

Wh«tl. a current connected by a metallic 

B at a 1 lower potential electric ~ 
charge flows from A to B tintil the 
'potentials at these two points^ are 
equalised. If hbwever the difference 
of potential between A and B 
be ‘ somehow maintained constant 
charge flows continuously from 
A to B. Such a continuous flow 
of charge^, constitutes what. -is , . 
known .as an electric current. A . 
current is thus the rate of 'fioWt of 


ceTtain' potential be 
wire to another point 


A 1 , i 

fa - - * m ' 


B I 




i 


1 Fig. 102 , 


charge, i. e. 


dl 


It was first discovered by Volta that if two dissimilar 
rnetals are immersed in a fluid a constaul difference of 
potential is maintained between tbe two metals. This 
difference of potential is due to what is known as the contact 
difference of potential at any junction. It is well known that 
r.ll conductors contain electrons which are more or less loosely 
bound to the atoms. The concentration of such electrons 
however is different in different substances so that when a 
metal is immersed in a fluid there is usually a flow of electrons 
from one substance to tbe other- The substance which gains 
electrons becomes negatively charged and the substance which 
loses electrons is positively charged. Thus both substances 
become charged and there is therefore a contact difference of 
potential between the two. The flow of electrons stops when 
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the contact'difTercnce of potential {which' opposes the, flow ':Of 
electrons) is jnst snffident to stoptfac flow. ,< 'f'. ■ 

Thus if two metal plates A and B be .irn'inefsedi in'a, fluid 
there is a contact, difTerence, of ..potential , 

. ^tween A and ' the fluid as, well a-s 
c^twecn-.B .and the. finid. ■ If the -twO; , 

. xnctals^A .and-B are.of difi'erent ptBlcriala 
the. difTerence of potential at .the,, contact , . , 

,in the two cases,. is not, the samc.and , „ , 
there jis .therefore a diflerence ot, potential 

between A and B.„ ,, ...t,.- , ..^ - /. 

Art 63 , In a^simplc cell two plates one of ..copper 

. simple cell *nd the. other of,. .zinc . are immersed, .in dilute 
and iti defects snlphnrit-.acid,.. In ;tbis case copper is at. a 
.higher potential. than zinc. .If- the,, plates are connected by a 
metallic wire an electric current flow.s .from. .the, ..copper, plate 
to the zinc plate through the wire ..and- from .the zinc plate to 
the. copper, plate through the Jiquid- , The higher potential 
plate is called, the positive plate and the lower potential one 
the negative ’ plate and the liquid is 
known as the exciting liquid. Tfce agent 
which makes the cufirent flow 'rbuiid the 
circuit is called the' Elcctromqti'ifc Force 
' 1 (or of; the eeli. , This simple 

Fig ! 0 < cell sufl’ers from' two defects (l)'ioMl 

Action uad (2) Pohrisadon, iflind used as 
the negatiye, plate is commercial* I'zibc" and ’cbntains| many 
impurities, such as .Arsenic, Carbon, lead and iron. Coming 
in contact with dil HiSO« these impnnties’ together- with -zinc 
form local cel!.s. ' Lobil currents ‘are- tberehy produced and 
zinc is gradually consumed away without contributing any- 
thing to the main current.' This^'defect— known as Local 
Actioa-^is removed by amalgamating the zinc plated . ‘.This is 
done by rubbing the zinc surface with" mercury with the help 

~ * Pore^Zinc ii bbt,ntrf'<bec»a*e it is coitly.-. .McreovCr. pare Zinc it 
not acted on by dil HSSO 4 . ■ - 


^rnrrt\ 
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of .#■ blush. 7he < zinc ataslgam sol;forined .covers’ tip .the 
imparities which are -therefore rprevented from ; coming In 
contact with dil HiSOi. : ;• v,-. , . -r ;j/ 

; The other dcf ect—Polarisatibn is dhe to the fact that whra 
the current passes zinc combines with HiSOj' according to tlie 
equation Zn ^•HaSOk “ Zn ^04 + Hal' ■ Hydrogen bubbles' ■ thus 
produced travel with the'' current’" through sulphuric' - acid 
solution and nltimately' get^-deposited ’on the 'copper plate. 
This laycr Of hydrogen bubbles bh the copper plate reduces 
the current in two ‘ways ; ’first it bfiFers' resistance tb’ tt^ 
current the strength of which is’ therefore ' considerably 
diminished.' Further along with zinc plate this layer of 
hydrogen hubbies forin the two plathsbf a cell and an E.M.P. 
is generated. This E.'M.F. — Pblarisatibh E. M. F.— opposes 
the'main E.M.P. and thereby the strength' of the 'current is 
reduced.' \This ‘defect can be removed bybiidising’ bytlrogcn 
(»,«.' forming water) with the help of ah oxidislnle^ agent. - -This 
bridisihg agent; or oxidiser, isblso'h’hown as a depolariw.'- 
In. all kinds of cells Zinc is al w’ays ’ the negative plate. ' ' By 
using different substances for the i»’sitiye plate, the active 
liquid. and the depolariser yanous Itihds |of 'IcChs have bera 
prepared., , In these cells the depolariser and 1 the’ active liqhid 
arc .^usually, kept , separated by ^ means of ah earthen ware 
yessei. , A . list of such cells with , their actions is gives in 
Table i. - .i- 


}.r * 


N. B. (1) ,,Leclanclie cell ii the only cell where dil HiSOi 1» the 
ncUve liquid. In this cell NH 4 CI solution is the actiTc liquid. 

. (2) Bichromate cell is the only, cell. where the fctiv® 
dei^Iariser are not fcept. separated, by earthen .yare Teasel ; they are 
mixed up together.' 

, , ...Dry cells are nowadays extensiyelyus^ in 
Art64 . torches, .high ^-tension batteries , pd portable 

, . ,***^ testing sets..,. These are nothing but I^clanrfie 

cells. Instead of using a tolulton.of NH 4 OI however,. .a, paitt 
is made of NH*OI (Sal-ammoniac), MnOi,-C (Graphite): and a 
little water. , tr = r 



T*ble I The following is the summary of facts relating to difTereut kinds of cells : 


1S9 
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Zitlc isthe otiter'’walI of a'hollow cylinder and tbis' serves 
as the negative plate. A carbon rod C placed at the centte 
is the positive plate. The" carbon rod “is insulated at the 
bottom by means of a Tar paper vjasher (TPW). Up to about 
three-fourth height of the cell the space between zinc cylinder 


Zn — Zinc cylinder 
C — Carbon rod 
TPW— Tarpaper washer 
PS--Pa8te of NH«C1. 
MnOr, Graphite and 
-HtO. 

SD— Saw Dust 
S— Sand' 

Pt — Pitch ' - 

B — Brasa cap 
PI — Paper lining 



Pig. 105 


and the carbon rod is filled up with a paste (Ps) of NH«C1, 
MnOx, C (graphite) and HsO. Over the paste there are 
successively two layers — one of-saw dust'{SD} and the other 
of sand (Sj..- Finally the mouth of the cell is .sealed with pitch 
(Pt). A blotting paper lining (Pi) lines up the inside of the 
zinc -cylinder. A- brass cap (B) is fitted to 'the top of the - 
carbon rod ; tbis serves as the positive pole. A small hole is 
pierced through the pitch so that gases may come out from 
^ithin the cell. _ . - _ - s 


Art 65 The E. M. F. of the cells described so far 

Standard Call never Steady. As a current is drawn from 

one such cell the E.-M. F. '^generally falls off-slowly. It is 
however often necessary to have a source of constant E. M. F. 
Which may -be used for'comparing the E. M. F.’s' or for 
calibrating ammeters, voltmeters etc. The Weston cadmium 
cell is one such cell and is regarded as -an ■ accurate standard 
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cell. It consists of an H-shaped 'glass vessel as' shown in 
Fi^. 106. In one limb pnre inercnry'(A) is placed at the bdttom 
and this serves as the positive pole. The negative pole is an 
amalgam (D) of mercury and cadmium and this is placed at 
the bottom of the other limb. A paste (B) of mercurous 


A— Mercury 
B— Merenrou* sulphate 
C — CrysUlB of CdSOi 
D— Amalgam of Hg ■ ■ 

aod Cd •■o:;? '' 

E— Saturated solution 


of CdSOa.,,. 







suTphVte is placed 'over mercury end'a-saturated isolation -(E) 


of CdSOa is kept in both the limbs, the surface of thei-solntion 
teaching above "the horizontal -tube connecting the two limbs. 
Two wires fused at the bottom of the two limbs are in contact 


respectively, with Hg and^tbe amalgam of Hg and Cd and these 
serve as the, two poles. ,To keep the-.solution always^ in the 
saturated condition:a few crysUls-(C) of CdSOa are placed , .in 
each limb.;, , , 

The E. M. F. of this cell is r0183 at 20*C. With the rise 
of tcmpVrature''lhe"E':'-’‘MrF^ '■slowly decreases. •■''At -iiiiy 
temperature its rE. M, F,.- is-;'giycn .;by; E=lj-.0l83^ 0'p000.406 
it — 20) Volt. It should be Tcraembcred that this; cril^is ^tis^ 
only for comparisoti purposes. No cu^enrsbould be drawn 
from this, cell even Iqr a short time, . j, 7 ' ^ ^ 

^Art 15^:5 ' A' current always flows 'frcini points.at higher 

Ohm’f Law ..... , , - , . , 

potential to those •;nt:lo'wer potential.;- -If v.a 

current passes tbrougb.a wire different. points of, the wire ..arc 

at different potentials.' . The strength of the current.. between 

any"' two -pbints A 'and B -oh the', wire isj proportional; to.^the 

potential difference between A and B. the Constant of -proper- 
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tionality being- known as iconductance of the wire .(between A 
and B).' Conductance again is the inverse of, resistance. -Thus 

<• _ - * > ^ i .i ) 

^ E < ' iff 


*“A:E* _ 

t . ' . K 


A 


t 


B 


r 

t 


Fig. 107 


where " E“Pot.-diff. usually measured in volts 

j )!;-*• Condactance >i i« Mhos . f 

' R=resistancc ~ ) „ „ Obms • ' 

1 .^, i^Current /%, _ „ ,, Amperes’' 

The above is the mathematical statement of Ohm's Law. 
In language, it is f 

Temperature remaining constant the current in any taire 
is proportional to the t potential difference; between the terminal* 
ofthewirei^. , ru, >. ;> ■ j > 

-'The resietance. of, a -ware .ebaeges with .temperature ; hence the 
neceasity of the phraac,' ‘t-Temperatnre remaining conaisnt. . ^ . 

Sp«clf1c ' ' ‘ '^'fAt'-’ any '’temperature tho’yesistance' of 'a 
'^resistance ■ • -faries directly as its length and 

inversely ‘ as the^cross' section' of- the wire' ; th'e constant 'of 
variation in this case is called the specific resistance of the 

' t' ’■ -j <' '5''i : • ii. . ' ' 3/ 

wire, iThus R*p— where .p-specific -resistance,, irlength, 

A'“ area ' of crfis's-s^ctibh, If -'the wire ' be of circular cross* 
scction'of “radius ri‘A"—‘jrr*i-^- ' f-ft '' ’> ‘ > 

The specific resistance of a substance may be tJefined as 
the Tesistancc of a wire of *that substance of length one cm 
and' of cross-section one sq. cm.vt. e. it is the resistance of a 
ceritimeter-cube of^the substance. ^ r ‘ ' " ' ' 


N.B. (1) The resistance of*« wire depends npon (tf) the length 
(6) the cross-section and (c) tbV material of ‘the 'wrirc, doea not 
depend ou the -shape of the coil of wire, i. cl whether the wire is straight 
or coiled up, ;ihe resistance is the game. ‘ 
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(2) The Specific resistance depends only on the material of the ■wire. 
It does not depend on the length or the cross-section of the wire. 

’(3) Specific resistance and hence resistance depend on temperatnre. 


Art 67 


Groaping of resistances 


Resistances in 
parallel 


Let 'n Ti ra be three' resistances’ joined in 
parallel between two points A and B. Xet 
the main current i after coming to A, be 


divided into ti it ia along the three wires. /Then! t*= 11+12 + s'*. 




(, FigMOS 

- 

Let E be the P.D. between A and B. Considering the three 
wires^ separately we have E = iin •= wrj “• t srs. The three 
wires arc now replaced by a single ’wirc 'of 'resistance r 
connected between the, same' tw 6 '’points A and B maintained 
at the same Pot. diff. E. Then since the whole of the current i 
passes through this wire ’ ' i- 

- ’;E:..r-:£+» 4 )r./A;? 

'' \ri ' ra ra / - ^ - - 

" s' ’ ^ *' ^ -V t'T " ' tc. 

•• T-n + n’-S <=l>> 


N. S. ( 1 ) If all the wires be of eqaal resistances 'the equivalent 
resistance is equal to the resistance of a ’single wire, divided by the 
number of wires in^parallel. Thus if there be three resistances in 

parallel, each of iS ohtni. then the equivalent resisUttce^^-Sohms.- ^ 

«5 



, (2) If two or more reiintance* be erranged in parallel, the eqnlTilent 

reiiatascc la alwaps than the imaffea/ of the ' different resistancea. 
For example, if two resiilancea 10 ohma , and 100 ohma be ,inj',parallel 

the eqnivalent reaiataiice la given by — e«^ +~ 

- " , j r 10“100 loo 

i - , . . , . . , > i j ' ^ 'f,' >' 'I 

(3) If one of the realatancea be very ^aoKifZ in compariaon’to bthera 
the equivalent reiiatance ii praclicatly equal' to tiiia amall resiatance. 
For two resistancea O’Ol ohm’and 100 ohms, the eqnivalent reaiatance is 
given by 


I 1 . 1 10001 

°0‘01 + 10o“ ioo“1f6o ' 


V- 


10 

10001 


—0 01 oIim,verj approximately.. 


Raafatances 
in t«rlas 


If ri^Tt ra^be.three resistances in series 


i r r, Tj 

>■ •a-AW/-g-^VVVVVV-yA\^ 

A.' o - .C. . 


4 — 2-W\MAAAA/^ 


'Fig.' 109 


then the some current » flows through each pf them,. Hence 


V^,~V^“.miand Vj,-V^-fra, 


adding 


/ ’--f ^ I ^ 

up, V -V — ‘»(ri + f» + r*) 


M. 


If the three wires be replaccd'by a single one of resistance 

r, so that the same current » floWs through it and its 

terminals are at the same potential difference as before we 

have V “V “ir ' . ••• ‘ ••• 

A D 

Hence comparing (o) and (h), . „ f , v 

r“rj t ”* (3i) • 

N. B. The results for capacities in series and capacities 
in parallel, should 'be contrasted with .these. (Vide Art 47) 



145 




1--VA/V', 

R 


Fig. no 


. Three ' cejls, each of 
Cells in series,; M. F.;,E and internaL 
.resistance r, arc connec- 
ted in series to send a current trough 
■’the external resistance' K. In this case 


the three internal resistances and the external resistance are 
all In 'series;’ Hence the total resistance in the' circuit is 
R + 3r. And the P. D. ,- between .the, terminals .of R is: 3E., 

Hence the current through. R is 

, ■'3 - 

'y~! ■ - 8E 

- ' *“R + 3r‘ 


N.B. If the cells are all of different E. M. F.'a El ES E3 and of 
different internal resistances rj >* r's, the current through’ R. is 
given by ■ 

' ' Ei + EsH-Es 

K r' ri + r* +r3"- 


Three cells each of E. M. F. E and internal resistance r, 
are connected in paralltl between two points A and B. This 


coinbiuation...-is -used,'; to'.. 
Cells in parallel .send a current through 
; "trie ' exlerhy ^resistance 
E joined to A;and- B, - The ,three...inter- 
nal resistances are ' n now in parallel 
their equivalent resistance is equal 

to ; the total, resistance in the circuit 

is therefore equal to R + ^ • The P. , D, 

3 



between A and B is, E. Hence the current through E is 
>■ “3R + r . 


iv.il. The problem whea, the, ceils are of differept^E. M. F’s and 
of diUcrent internal Vests' ahces. ca'rinbt be solved ' in' this simpie way.^ 
For tbiacaie, -Vide Art 72 .- ..,.’5 , . -j . . .,-.<7,, .... 
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Let as now have m tows of cells in parallel; each, row 
contSining^ n - cells in series.' "I'he resistance.of each row of^ 
Calls In mixed Since there are m rq-ws in parallel 


-circuit 


their equivalent resistance Hence the 


m 


total TesiBtance“R+'r^.., .The P- D. between the terminals 

■ Wl' • ' ■ ■ 

of E is nE. Hence the current through E is , ' - ■ 

. nE ' ‘ ntnE 


E + 


nr mR + nr 


( 32 ) 


m 


_ ‘ , ‘ Obviously "win is the total number of cells. 

Hence for a given total number of cells, the 
current through the external .resistance is maximum when 
the denominator mR + nr is 'minimum. , ' ' 



But «R + nr - |j^ a/wR - Vnr ) + 2;,y rnnKr. 

The 2mi term does not defend on m and- ,n separately but 

on mn which is constant ; the /at term being a perfect square 

its minimum value is zero. Hence ' the current is tnammum 
when wjR-nr or R* “ »• e- when the external resistance is 
equal to the effective internal resistance. 
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Art 69 

Shunt 


It IS often necessary to reduce the strength 
of the current through a galyanometer. In 
that case the galvanometer is shunted, ». e. a 


resistance is used in parallel with the galvanometer, so that 


part of the current passes through the shunt and the remaining 


portion flows through the galvanometer. 


Let S be the resistance of the shunt used with the galvano- 
meter whose resistance is G. Let i be the main current and 



Fig. 113 


let »i be the current through the galvanometer ; then i - ti is 
the current through the shunt. If A and B be the two ter- 
minals to which the shunt is connected 

V -V “tiG considering the current through 

A B ... 

the galvanometer, 

also, V - V — (t - ill S considering the current 

JL. B 

through the shunt 

.'. iiG“{i— ii)S or ii(G+S)*=*S 
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"Problems 


~2i celh each of E.' M’. F. 2 volts ana of internal resistance 
2 ohms'; are ‘required to sehid eurrent through an external resist- 
anci oVs ohtns! ‘'Ftrik‘ tne'hnl airfangemeht of cells'^ find' also the ' 
naximurn current ihrough'the external resistances ‘ ‘ 

Le t « cells be connected tii a row in series and'iet there be * tii such’ 
row«,iD,paralIeI.;!Then.the total. nnmberfof.cells; j;.,' i.--.; 

, Also when.the. current through.tbe external resistance is .marimnin.. 
the external resistance is equal to the effective internal resistance. 


I. e. 


2n 

tn 


■or : 


»■ 


8m 

T2 


m 


3m 


■24 or tn*“16 




3x4s 


• 6 -: 


Tbna tve tnnsl have 6 cells in series in a row and 4 sneb rows In 
parallel. 

The current through the external resistance 


£12 r.i ; 


4 x 2 . 


- [ from (32) ] 


.. . • • . . ,4 '^ *'6 

'48 ::.i-v2t:£;c.-2 i; rtM 

«=> -^■=2 Amps. 

,4 galvanometer of 6 ohms resistance is shunted by a wire 
of 4 ohms resistance.' If this shunted galvanometer be connected 
tn series with a cell of 2' volts' E'. -M. Fi~ and 'of l'6..phrns iiiternal'- 
resistance find the current through the galvanometer, 

If R be the efiective resistance of the gslvanoinetct; and the shunt 
we have 

’ I 1 10 „ ;-24, . 

CS -f — est ■ ■ Qr R'*»' • **2 4 olinis. , . 

'K 4 6 24 ^.lO' 

Total resistance in the circuit = 2’4 + . 

** * ” 2 

Current from the battery — =0'S Amp. 

Current through,' the galvanometer 
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^ To “ ® ^ 

From equation (33) jt is obvious that if the main current 
t G + S 

f be increased — — times the current through 
Multiplying ' b 

power of a shunted galvanometer becomes t, i, t. 

Snunt 

G + S 

’ main current — t produces thesame deflec- 

o 

tion in a shunted galvanometer as is produced by the current 

G + S 

3 in an unshunted galvanometer. — g — is therefore called the 
multiplying power of the shunt- 

'Again frotn ’ (33), in order that "we bave 

or lOS-G+S or 9S=G -.A 

vj ‘T o 1 u y 

Thus in order to reduce the current through the galvano- 

I f Q 

meter to — of the main current, a shunt of resistance ~ is 

' Q, t Q 

to boused. Similarl) , shunts of resistances-—,--, etc. 

' , , 49 Sa 

should be used when it is necessary to reduce the galvano- 

11 -. /• 

meter current to — , ^ etc., of main current. ^ 

Art 70 have seen in the preceding article 

UnWerial ' that in order to reduce the current through 
*hunt galvanometer in a desired ratio, shunt of 

the corresponding resistance - , 

is to be used. Heucc different ” 

galvanometers require different r ^ ^ 

shunts to serve the same — v/ . 

purpose. A shunt known as ^ 

a universal shunt has however ^ 

been designed, which may t 

be used with galvanometers of . 

nil resistances. 

A universal shunt consists of several steps AiAs, A«A», 
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AiAt, At As of rtsistancefl 10, 90, 900' and 9000 ohtns 
resjrertively. A handle rotating about C may be made to 
connect any of these steps. ' The galvanometer terminals are 
connected to -Ai and As. The leads for the main cnrrcntare 
joined to C and Ai. When the handle connects "As all the 
steps are used as the shunt the total resistance being 10,000 
ohms. Hence if- » be the main current the galvanometer 
current 

«• 10000 ' ' 

• . T*'G + 10000* 

When the handle is rotated so as to touch At the step 
AtAs is connected in series with the galvanometer. The 
other steps are now used as the shunt the -resistance of 
which is 1000 ohms. The total resistance (galvanometer 
circuit resistance+sbunt resistance), - however, Is still 
G + 10,000 ohms. Hence the galvanometer current is now 
. 1.000 . 1 ... . . 

“*• Gl- ' idoob *• lb •. 


By connecting the handle to As or At the current through 

' ' I 1 '' 

the galvanometer may be reduced to ^ or 77^ of the 

r • r ^ > lUU r , l.UUU ; * , , 


former value. i 

Since these results are independent of the value of G such 
a shunt may be used with any galvanometer. , ^ 

' ' N, B. By using other resistances fot the different steps 
^or "by increasing the number of steps ' other fractions of the 
original current may be made to pass through the 
galvanometer. ' 


Art 71 

KirchotTs 

Laws 


In the simple cases discussed in the 
previous articles Ohm’s Law is sufficient to 
solve the problemfi!’' But in more complicated 
.cases more generalised laws must he used. 
These are known as Kirch off’s Laws'. ' 

Kirchoff’s Laws are as follows : — , 

lav : in,iany electric circuit the algebraic ium of wrrents. 
meeting at a point it zero. 
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In this law the word algebratc is important ; it means that 
in summing up the currents proper attention must be paid to 

the signs of the currents. 
The signs are determined 
by the convention that 
currents coming towards 
a point and currents 
going away from the 
point, are opposite in 
signs ; it does not matter 
which we call 'positive 
and which negative. This 
law is more or less self- 
evident. In Fig, ,115 
currents n, it, it, ms meet 
at ' the point B. Since 
there canbono accumula- 
tion of current at B 

, " i. e. 11 + ( — Is) + { ~i>)+ iis“0. 

2nd law ; In any network of ' conductors if we consider a, 
doted circuit then' the algebraic sum of products of resistances 
info corresponding currents in the respective branches of the 
doted circuit, is equal to the total E. M. F. in the circuit. 

For the purpose of' this law any closed circuit may be 
considered. Thus in Fig. 115 we have a large number of 
closed circuits, viz., ABHA, ABGEFA, ABGDBFA, 
ABCDGEFA, CDGEHBC, etc., etc. In any circuit currents 
in different branches arc either clockwise or anticlockwise 
and hence, are of different signs. 

' In Fig. 115 let the resistances of the different conductors 

. ‘ ' t. 

in the . network, be n ri rs ••• and currents in these 

conductors, ii, i», is, ... Then, 

in the circuit ABHA, . urs - urt -iin - Ei 

„ CDEGC, iiirii + iuni + fira — i4ir4"“0 

,, BGEHB, mns-iiirii — «iorio + i»r8""Ei-Ei 

etc., etc., etc. 



Pig. 115 
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. r : NrS.. >, If there be no batteiy.in a circuit the. total. E. M. P. 
4n tbe.circuit . is zero if. there, be . two or more batteries in 
the-. circuit;, proper; attention must be paid to the way in 
.which they are . connected, ». e. whether they are in series or 
in opposition. , - . .. 


Art 72 


Applfcations of KircboflT’s Laws 


three, cells B, C of E. M./F’s Ei, Ei, E» and of 
internal , resistances; n, .ri, rs be connected in . parallel, so as 
to.'send.a., current t through -an external ' ■ 

resistance :r.r. Let the; currents through 
the different cells be 11 , ii, »B- : / ' .r IL 

Applying Kirchoff's 1st law“to "the 
point’]? or Q we have'- 


■J.' • t -I ' .t-.' 
<• 


: + it +;I3 i 



‘ AppljAog Kirchoff’s 2nd law 

to the circuit PAQDP, *iri + ir«=»Ei 
„ ,, PBCJElP, i‘*r2,+ *r“Ei 

, X,, ...,PCQDP>i , *sr3 + tV = EV 

irt Dividing the, last three , equations , by;n,. .r 2 andr.ra respec- 
tivelyiand-addiug- -■ .-rifi's-sr vi.H c--.: 

- ..... o. /.'o \_ri n -rs /. -ri ft ' '*■5'--. 

Shice from.(f), ” «+y* + »V*“»Vwc have . ' 

T S H ^-JL . '*■ . ^ V .. .El- -.El , Es-j.‘-i,-.' • 


» is found put r-'^it , --. -ifi ' 

Hence frOm (»»)?(»»»), (f®) *i» «7 *» may also be determined. 

N.B. In this problem the E. M. F’s and (he resisunc»g'«re gnppogVd 
to be known. The cnrrenti »i, »i, lari'Ere four nnknown ''qaBntitfw, 
We therefore require' fonr-equationa 'to determine them.) ..Eirchoff’a l«t 
law gives ha one equation. --.-T.o get the other .three equations, we .have 
applied Kirchoff's 2nd law.to three.circnits. It;may;bc noted, however, 
that in this problem we have altogether sbc.cloied circuits, viz,, the 
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three clrculto already considered and three otbera PAQBP, PAQCP, 
PBQCP. If KirchofiTfl 2nd law be applied to each of these aix circnita, 
we may have six eqnationa ; tmt only three of these equations are 
independent. It is immaterial which three we, take; final resnlt it 
always the name. But by properly choosing the circnita — as we haye 
done — calculation may be made rather easily. y 

Wheatstone’s Let four resistances P, Q, R, 8, be conncc- 
ted as in Wheatstone's Net. A galvanometer 



of resistance G, and a battery of E. M. F. E are connected 
as shown in Fig. 1 17. Let B be the resistance of the battery . 
circnit and let currents ^ distributed as noted, in the figure. , . 

It will be seen that ii| asrnming the dlstribntion of currents 
Eircfaoffs 1st law is tacitly applied. f ,.r: 

Let us now apply Kirchoff's 2nd law to the three circuits 
ABDA, BDOB and ABCEA. 

From ABDA Pc+Qjl — R(6 — a:)*"0 

„ BDCB Gp+S(fc-a; + p)-Q(a:- p)rO 
,, ABOEA Pff + Q(® — p)+ Bfc^E 

Re-arranging terms, we have 

G(7 + a:(P + R)-bR-0 . . . : 

(G + S + Q)a-.fl:(S+Q)+6S-0 

, -Q!;+it(P + Q)+B6-=E ' ’ . , 
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P+R ~R 0 

“(S+Q) S 0 

P+Q B E 

&*“ « 

^ G P + R -R 

G + S+Q -(S+Q) S 

-Q P+Q B 

Expanding the numerator in terms of the last column we 
have 


P 

Q 


Numerator 


P + R 


-R 


I -(S + Q) S i 

- E{S{P + R) - R(S + Q)} - E{P8 - QR) 

Hence numerator is zero when PS = QR, i. e. when 



the current through the galvanometer is zero. 


Miscellaneous Problems. 

I. Let twelve wires, each of resistance r, be connected 
in the form of a cube. It is required to find the effective 
resistance of this cube when a current enters the cube at one 
end A and goes out from the diagonally opposite end O'. 
From symmetry the main current i on arrival at A is 
divided into three components, each equal to »73 along AA', 

* The Bolntion of stmultaneons eqoatioof, may be obtained easily 
with the help of determinantB. Thus 


if ouc + 6iv+CiZ"tii 
CiZ + iiy + 
ajx-f-bsv + w^di 


* 

bl Cl di 

bi ct dz 
bz Ct dz 

1 

ai Cl di 
ai Cl di 

O’i czd^^ 

+ 

ai bl di 1 
01 bt dt 1 
as bz dz I 

_ 

ai bl Cl 

- y- — 

01 bl Cl 


01 bl Cl 


az bt Cs 


az bt cz 

- 

az bt ct 


az bz Ca 


az bz Cz 


az bz Cs 
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AB Bnd AD. Each of these comiwnents is again divided 
eqaally along corresponding two other wires. 





r. 


If we now replace the cube by a single wire of resistance 
R joining the same two points A and C' we have 
Va-Vc'-»R. 


Hence sR— r 

b 6 

2. Let a cell of E. M F. 4 volts 
have an internal resistance of 6 
ohms. Let its terminals be 
connected to the two ends A and B 
of a resistance of 10 ohms. Then 

thecurrent=r-7T?i“i ainP" 

6 + 10 * Fig. 119 

Va- V s-* currents resistance 

-■4-x 10-2-5 Tolts 
4 

Since A and B are connected to the plates of the battery, 
the P. D. between plates— 2’5 volts. 

If the external resistance be changed the P. D. between the 
plates also changes. 

Thus although the P. D. between the plates of Cie cell on 
open clrcnit (».«. when the plates are not connected by any 
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external resistance) is 4 volfs, that on closed circuit drops 
down to a lower value depending upon the external 
resistance- Thus although the E. M. F. of the cell is always 
the sane, the P, D. between the plates of the cell depends 
upon the external resistance and is therefore different in 
different cases. It is to be noted that the E. M. F. of the cdl 
is equal to the P- D. between the plates of the -cell on open 
circuit. If however the cell has no internal resistance the 
P. D. of the plates of the cell on open circuit is always the 
same as that on closed circuit, i. e. in this case the E- M, F. 
of the cell is the same as the P. D. between the plates of the 
cell, even when the cell is on closed circuit. 

When the tertninaU of a cell are joined by a B ohms vaire the 
diference of potential hettoeen them is 11 volts. If a second wire 
of Ihi aami resistance is connected in paroIJeJ tcilh the first one 
the difference of potential is reduced to 1^ voltsi ~WhatwiUbe 
the potential difference if a third wire of the^ same resistance is 
connected in parallel with the other two t ' ’ 


Let E be the E. 2d. F- and r the internal resistance of the 
cell. When the external resistance is 5 ohms the current is 
E 

^ -Hence the P. D, between the terminals Is 

5+r ’ ' ... 


B.5 2 • E 

5+r 3 5+r “ 3 


••• 


(o) 

j 


When the second wire is joined in parallel the external 
resistance becomes ^ ohms. In that case P. D. is , , 

„ -^-1- - (H 

%-i-r ^7 . 6+2r 7 

Solving (o) and (5) E‘=*2, r*"l. 

When the third wire is joined in "^parallel the external 
resistance becomes ^ ohms. In that case P* D. is 


’i+r 


5E 


54-3r 


- 1 — volt 


A battery of 6 volts E. M, F. and CTS ohm internal resistance 
U joined in paralhl with another battery of 10 volts E. M. F. and 
ijsler.’ial resistance 1 ohm and the combination it sued tc tend 



157 


current through an external retittanee of iS ohmt. CaJeulaU the 
current patsing through the different parts of the circuit.^ ^ 1966 



R 

Fig. 120 


From Kirchoff’s first law 

••• (n) 

ApplyingKirchoff’s second 
law to the circuit PAQRP 
0'5ii+12»“6 — ih) 

end to the cirenit PBQEP 
m+ 12»”10 ... (c) 

Solving (o), (fc) and fc) 

22 . 84 , 

* - — amp »i- -^amp end 


***"~0T — amp. The negative value of n indicates that the 

enrrent through the cell A flows in a direction opposite to that 
Indicated in the diagram. 

In a Wheatstone's net the four resittances are cctul and the 
galvanometer is replaced hy a battery of the sanie B, m, F. as the 
one already present. If the resistanoes of the battery cireutts are 
each the same as those in the other four arms find the eurrentt. __ 

C. U. 1944 

Let E be the E. M. F- of each battery and r the resistance' 


of each branch. Let the distribn* 
tion of currents be as shown in 
the figure. 

Applying Kirchoff’s second 
law to the circuits ABDA, BCDB 
and ABCPA, 

Hi - s) +ry - ra E 

or — 2a;+y+*“-^- •*. (I) 

r 

yfs + I/) — r(»-K — y) + rp=E 

or 2a:+3v-i“'^ (2) 


B 



Fig. 121 


and rff+Hs: + y)rf-r/“E or 2x+y+» 



(3) 


Solving (1), (2) and (3) ’*» , a:-0 and y--^‘ Hence 

' 2r 2r 

the currents in different branches can be found out. 
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ABCp is a Wheatstone’s bridge. The resistances of the arms 
AB, BC, CD and DA are 100, 10, 25 and 200 ohms respectively. 
The points B and D are joined to -a galvanometer of resistance 
100 ohms. If a current of OT amp enters the bridge at A 
and leaves it at C find the value of the current through the 
galvanometer. C.U. 1976 

Let the distribution of currents be as shown in the diagram. 



^ 'Fig. 121(a) 

r * ' i » 

Applying Kirchoff's second law^ to the circuit ADB, 
200C0T-v)+100g— IOOr-0 

or j — g’=0'2 ...fl) 

Appling Kirchoff’s second law to the circuit DBC, 
100g+lOfx+g)-25 (0*1— x-g)=0 - ' 

or ' 35A:+135g=2*5 -(2) 

Solving '(D.and (2) g=0'00l 14 amp. 


Exercise VIII - ^ 

i 

1. Oompare the reBiatanoes of two wires of the esmo 
material, one of whiob weighs 2'63 gms sod is 8’6 metres long, 
while the other weighs T67 gms sod is 4*2 metres long. ^ 

'* Ans. 1:2*06. . 
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2 - A nnifortn glaBB tubs o( Internal diameter 0'1128 cm. 
contalnB mercury* If the TeBistanoe of one metre of tbit 
rnsrcnry be 0'9407 ohm 6nd the sp. resistance of mercury. 

Ana- 94:’01xl0"^ ohms per om^. 

S. (a) Describe a dry cell. 

(b) Describe a standard cell* Why is it so called ? 

4. Write short notee on Ohm’s Law. 

When the terminals of a cell are joined by a wire of 
resistance 7 ohms the current is 0 26 amp ; when the wire is 
of 15 ohms resistance the current le halved. Find the 15. M. F. 
and the internal resistance of the cell. Ans. 2 volts ; 1 ohm. 

5. Find the resistance of a cubic centimetre of copper 

(a) when drawn out into a wire of diameter 0 32 mm^ and 

(b) when hammered into a Oat sheet of tbickness 1*2 mm, 'the 
current flowing perpendicularly through the sheet from one 
face to the other. [Sp. rosiatanoe of copper is 1*59 x 10~® ]. 

0. TJ. 1944. Ans. (a) 2*46 ohms (6) 2*29 x lO' 8 ohm. 

6. State Ohm's Law and describe bow^ ^^you would verify 

it experimentally. ' - , - . < , 

A galvanometer of 60 ohms teBistance shunted by a 
wire of resistance 5 ohms is in series with a cell of E. M. F 
2 volts and an external resistance of 100 ohms. Find the 
current through the galvanometer. [ Internal resistance of the 
cell is to be neglected ]. ' ' Ans 0*00174 amp. 

7. A galvanometer of resistance 100 ohms is in series with 
a battery and a resistance of 200 ohms. The galvanometer is 
shunted by a wire of 6 ohms and -at the same time the external 
resielance is reduced to some value E so that the' dedebtion 'of 
the gslvanometer remains the same. Find R, Ans 9*62 ohm. 

8. What is a shunt 7 Explain its use in an actual electric 
experiment. Explain the use of a universal shunt. C. U. 1949 

''' r 

The resistances of diOerent steps of a universal shunt are 
10, 90. 100, 300, 1600, 8000 ohms reaper ^ively* Find to what 
fractions the galvanometer current may bs reduced when this 


universal shunt is used. 


Am 


i 1111 

5 20 60 100 1000* 
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. ^ ■ 9i. -IWhat are the reBistanoes of-, the different, eteps, of a 
nniTersal sbant whioh;wh6n . need with'. a- galTanometer, /Taij 


reduce'’ the galvanometer onrient 10 “^^ 3 


10 50 100 500 


of its maximum value ? Ans 1, 4, 5, 40,;50,' 400^ .ohms or any 
multiple, of. this aeries,.-''" 

10. 80 exactly similar oells. are .to, be arranged in mixed 
circuit to eehd . a - maximnm current; through . an ..external 
resletanoe. . If the internal re8iBtBno8;of,, each cell be , one filth 
of th'e external resistance find how-the cells are arranged. ,, 

,An3. 20 cells in series in one row and 4 such rows in parallel. 

• Hi •.;Find the'maximnm current that can be sent through a 
.wire:of,.4 ohms resistahoo with the help of:12 cells. Each cell 
is;of.E. M;,F, I'S volts and of internal resistance, 2; ohms. 


^ • Ans. O'O Amp 

12. What 'is,. meant by .the E.. -P. of a cell on open 
circuit ? Why is, it differont'ffom that on closed circuit ? 

•’tj ’ .'Aryoltmeter. of 'internal resistanoe.SS ohms is connected 
to the terminals of a battery of E. M. F 2 volts and of internal 
resistance 5 ohms, % What .voltage will the voltmeter indicate ? 

' •r.Ans, I'TS voltl. 

‘ . ;13. iThe;E. .M; F, of a battery is 20 volts. ,If the terminals 
of the battery . be joined by a wire ;of resistanoe 8 ohms the 
potential' difference between the battery terminals falls to 16 
.volts- Find the internal resistance of the battery. Ans.' 2 ohms. 

-14. y.Tfae terminals of , a battery are joined by . a wire of 7 
ohms* resistance and . the .‘potential,^ diSerenoe - between the 
torminals.is fonnd to,bo"14 volts. When.the., wire, js replaced 
by another of 4 ohms, resistance tbe.terniinal potentialdlffereDce 
drops to 12. volts. Find;the E.'M.P.' and the internal eresistanoe 
of the, battery.- • i -.;- y ' s; -.Ans. ;18 volts 2 ohms. 

16, ,Ten cells in series are used.. to send a current throngb 

a wire of 7*6 ohms resIstaDod. A biglj resistance voltmeter 

oonneeted id the terminals of the" battery indicates 15 volts. 
When the battery is on open circuit t^e Esme vdlinietor records 
SO’toUs. . Find the E. M. F and the internal resistance of .each 
oeii. ' ■ Ans, 2 volts ; 0’256htD. 
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IS. State snd explain KiroboCf’s lav'e on the dfatribntion cl 
onrreDts ic a ret work of oondnotorB. 

A battery of E. M. F. 12 volts and of internal resistancB 
6 obmE is connected in parallel to another of E. M. 8 volta 
and of internal resictanne 4 ohma. The terminals of the 
composite battery bo formed ate joined by a wire of resistance 
12 ohms. Oalonlato the current passing through the different 
parts of the oironit. Ans. fi*“i amp ; ts^O : amp. 

17. Fonr wires of resistances 2, 4, 6 and 3 ohms are joined 
end to end, so as to form a quadrilateral ABCD. Another wire 
of resistance 5 ohms joint the diagonal points B and D. If 
the terminals of a battery of E. M. F 4 volts be joined to A 
and 0 find the current tbrongh the 6 ohm resistance. Find 
alto the eqnivalent resistance of the net work of eondnotors. 

Ans. 0 amp *. 3*6 ohm. 

18. The fonr arms of % 'Wheatstone's net are of xeiUtancea 
6, 2, 6, A ohms respeotively. One terminal of the'galvanometer 
(resiitanos 20 ohms) is j'oined to the jnnetion of C and 2 and the . 
other to the janctlon of 6 and 4. It the eel! joined to the otlier 
janotioDi, be of E. M. F, 2 volts and of negligible internal 
resistance find the onrrent through the galvanometer. 

Ani. 0*026 amp. 

C U. Qoestioss 

1962, State and F.^plain Eirebo&'a Laws as applied to an 
electric network of condnotors. 

State briefly bow these lawt are applied In a Wheatstone's 
net work of condnotors. 

A battery of E. M. F. 12 volts and of internal reiistanoe 6 
ohms it connected in parallel to another of E. M. F. 8 volts and 
internal resistance 4 ohms. Tht. terminals of the composite 
battery so formsd are joined by a srire of rMltianee 12 ohmi. 
Calenlate the onrrent through this laat aeatlonM mlitanee. 

Ant f amp. 

1963. State and explain Einhofi^ Lasrs aa applied to an 
eleetrmal network. 
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Tbt positiTO polM of two oellt of E- M. F’« 2V tsd I'B V 
*nd each of intornal raiiaUnoe 1' ohm are eonneoted by a nni- 
form wire of reBi'etanoe 10 ohma. The negative polea are also 
eonnected by a eimilar wire of resiatanoe 6 ohma. If the 
middle points of those two wires are oonneotod hy a ' reslstanoe 
of 2 ohms, oaioniate the enrrent flowin|[ throngh this wfre 'and 
also the potential diffezenoe developed between these two points. 

7 7 

Ans. — amp ; volt. , . 

1966. State and explain kiroho&'a Laws for the distribution 
of onrrenta in a network of oondootore, ' . " ' 

, [ Problem v?orked out on Page 155 ‘ ' 

1966. State KirobofTs Laws for the distribntibn of onrtenis 
(n a network of oondnotors. 

,In a Wheatstone’s net ABOD the resistances in ohms 
fcra AB*=*10, BO—15, AD-20, DO-26 and Bi)=10. If the 
P. D. between A and- 0 is 20 volts find the current dislribn. 
tion in the network, neglecting 'the internal 'resistance of the 

battery.- - ‘ 

60 ' 26 * " 

Ans. Current in AB — amp, in AD— amp, in 

oA , ' 61 ' 

BD— -j^'amp.- in B0-|~ amp, in D0-||amp. 

1968. State Kirchofif’s Laws for the distribution of currents 
in a network of conductors. 

Obtain an expression for the galvanometer cwcnt in ai 
unbalanced Wheatstone’s Bridge in term's of the battery current, 

J976. State and explain Kirchoff’s Laws for distribution of 
currents in a network of conductors. - r- - - . 



CHAPTER IX 


HEATIKC EFFECT OF CVRS^ITT 


If two points A and E maintained at 
Art 73 different potentials, — say, by connecting them 
Heat generated to the plates of a battery, be joined by a wire 
a current flows from higher potential to lower 
one. A current however means rate of flow of charge. If a 
current t flows for a time ( it means that a charge Q Cf ft) has 
passed through the wire. If E be the P. D. between the points 
A and B, the work done in carrying the charge Q from A to 
Bis EQ — Eft. Energy thus spent reappears as heat in the 
connecting wire. Thus if a current i flows for a time t 
Heat generated “E»f "I 




(34) 


- ' Thus from the- first equation, heat generated is proportional 
to any one of B, t and t when the other two remain constant. 
This is Joule’s Law of generation of heat - 

In working out numerical problems attention must be 
paid to the units used. The - following relations should be 
remembered J — 

Volt, Ohm and Ampere are practical units- 
One Volt -• 10* C. G. S. units of E. M. F. 

„ Ohm 10’ „ „ „ Resistance. 

„ Ampere - ‘ 10“* „ „ Current. 

If two of these relation* be remensbered the third may be fonnd out 
by Ohm'* Iaw. ' . ' 

If E. M. F., resistance and current be expressed in C. G. S. 
units and time in seconds the beat generated as determined 
by equation (34) is also expressed in C. G. S. units of energy, 
i.e. in ergs. Again, since one caloTle»*4'2xlO^ erEs'*,.in 
order to convert ergs into calories, we must divide by 4‘2 x 10’’. 
ff.B. One Joule— 10^ ergs. Hence one cclorie— 4-2 Joule*. 


* This i* what 1* celled J the mechsuicsl squiTalcnt of best. 
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ThHS if e current of i amperes flows through a resistance 
of R ohms for t secs 

Heat generated r(» x 10“*)* x (R x lo*) x t 
\ . .. -i*R«xlO* ergs 

i*R{xlO^ 

' . 1 "". 10* . ' 

i* Rf 

- . ■" calories ' ... . - ‘ ; f (34a) 

Thus if i and B be measured . in practical units and t in 
secs, we may use the simplified formula (84dj. " 

. . Problem 

A vnrt of 8 ohvtt , ruiitanee .it immtrttd in a calorimeter 
containing otu litre of toater at SiC^O, Jf. a current of 6 Amps 
pauet through the wire for lOminutee, find the final temperature, 

' , 6* X 8 X 10 X 60 , . 

Heat generated — calories 


Mess of waterf-1000 gms. If fi be the rise of temperature 
•we have, . 

6*X8X 10x60 . ' ■* , ' 


1000 5 -: 


4*2 


. g„ 6*x8x 10x60 ■ 

•* ® 4*2x1000 

Final temperature^flO + 28*6 — 48'6 C ' 


Art 74 
Power 


Power is the rate of expenditure “of Mergy, 
». «. power is equal ' to energy ' divided by 
time. Thus from the preceding a^cle power 


consumed in a circuit is Bf or «*B or ^ 


The x>ractical unit of power is Watt. Hence iLlR, i and 
E be expressed in practical units the power consumed -' Ei, 

«*E or ^ Watts. „ 

Thus . Power - E, M.F. x Current 

or Watt-VoltxAmp. 1 
In_0. G. S. units one Watt. 

•■10*x 10“*->10* ergs, per ‘sec* one joule per sec. 
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Oae Horse power (H. PJ *“550 per sec. 

“•550(7 foot" poundaJs per sec. .. 

. Since , one foot*" 12 x 2‘64 cms- 

and one lb •• 453'6 gms. -• 

One Horse Power-550x 981x12 x2'54x 453‘6 

■ “• 746 X 10^ ergs per sec >: 

• -746 Watts. " • ■ 

Again, energy . consumed ■■power x time. If a power, of 
one' yratt* be consumed for one hour the energy' consumed is 
one- watt X one hour or one watt-hour. One Kilowatt-hour 
— 1000 Watt-hours. * ’ 

This Kilowatt-hour (or K.W.H.)is the unit used in electric 
consumption. This .is also called Board of. Trade, Unit or 
B. 0. T.' unit or simply B. T. ,U- Thus, if. a bulb marked 
220 volts 40 watts be lighted for 25 hours the energy- 
consumed— 40 x 25—1000 watt-hours— 1 B..T. U. If the cost 
of one unit ( one B. T.-U.,) of eleeWeity be 4 as, the. cost of 
lighting such a bulb ( 40 watts.) ioi 25 nours.is 4 as or 25, 
pice, f. e. the cost per hour is one pice. 

,A dynamo supphei_ current to 200 .26 -candle votverjampt. . IJ, 
each, lamp absorbs .r2 toatli .per- candle, and if the difference of 
potential at .its terminals be 200 volts, find the current from the 
dynamo. Find also the cost of , lighting these lamps for 12 hours, 
the, cost of one B, T. U. being Gas. -- 

. Powerof each lamp— 2Sxl'2— so W*tt8. ' ' 

' ' ' ‘ ‘ ' 30 * S'" " " 

Current throngh etch lamp— amp _ 

Current from the ayoamo—Cnrrenl.through 200 lamps. .. ' ; 

■ e»-~-x200— so amps. . , , . 

, Again, Power consumed by each lainp—30 watts. . 

Power consumed by 200 lamps— 200 x 30 watts.' ” • ' 

Energy consumed by these lamps in 12 hours 

-200X80X12 watt-honn - ■ . 

— 72 liilowatt-honra,- > . , . ... . , : • ■ ■ 

Required cost-72x6as-R6. 27. 



Art 75 The "heatitig' effect of the cmVenl has been ntilisn'd 
in the industry in nuraerons 'waj-s. The most jrapoTtent 
is perhaps the construction' of -electric bulbs. Edison was the 
first* to place incandescent lathps'ou the Market. He succeeded 
in preparing carbon ••filaments by carbonising, hatnboo threads 
and using them in glass' bulbs. ; As carbon readily combines 
■with oxygen at higher temperature it was necessary io 
evacuate the bulbs^ as , completely as possible. Although 
carbon , meita at a very high temperature ( about 4200“0,) its 
running temperature cannot , be .raised ,^yond . i865‘’C,.^ as 
otherwise it rapidly disintegrates and blackens the . walls of 
the biflb. A further disadvantage is that with increasing 
temperature resistance diminishes ; ns a resnit, it is very 
sensitive to small fiuctuations. of tbe.E. M. E. applied. Vi^Now. 
adayS' carbon fiiameuts* have been almost' entirely replaced 
by metal ' filaments.' Aftt^ , :nnme7:ons. trials iuDgsien .has 
been found to be the mo.st suitable .metal for the purpose. 

melting point is' as higb as 8.380*0 . and it can stand , a 
running leiriperalure of 20S0®C. Usnally such bulbs are 
hard bulbs, i. e. the inside air is' pumped out. In certain, bulbs 
however^specially in' high power bulbs — air is replaced by 
some inactive gas' siich as nitrogen or argon. These fcnlbs 
last longer end the temperature of the filament can also be 
raised to as high as 2625*C with safety." ' ' 

There is hardly any definite- Telatibn between the candle 
power of the light emitted and the -power ronsnmed by a bnlb. 
Usually for a ‘hard’ bulb the candle power is somewhat 
lower than the cumber of watts consumed. Thus, for a bulb 
requiring 30 / waits; the -candle power is in the neigbbonTbood 
of 25. For gas filled lamps manufaetDrers claim that the 
candle power is double the number of watts, i. c. for half c 
watt the candle power -is one.'-' Tbus''for- a'-gas-filled ■ lamp 
consuming 75 yvatts. tbe cacdlespower is^believcd to be about 

• HiBOYerien tc*cheT Htinnclj' Goebel" lie firtt to iovi-Bt 
carboB filicaeBi. leap* fa 2155." He 'ho-^TCr ’BKd Uiea for hi* 
neraoBtl ute. 
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ISO. Such lamps are therefore ' sometimes called half watt 
lamps. 

Art 76 We may here profitably discuss diflTerent methods 
by which electric energy may be converted into light energy. 
The lamps which have so far been described in the preceding 
atticlc are known as glow lamps ; they depend upon genera- 
tion of beat when an electric current passes through a wire.‘ 
There are however other methods by which electric energy 
may produce luminosity. 

Arc Uops. The earliest'metbod is perhaps dne to what is 
known as the electric arc. If two carbon rods forming part of 
tn electric circuit are brought into' contact and then separated 
to s distance of about 6 mm a luminous arc is formed between 
them, the arc itself being the conducting path between the two 
rods. After a short time the ends of the carbon rods become 
white hot and begin to emit light. Light is emitted more 
profusely from these ends than from the arc itself. In fact the 
end of the positive carbon contributes about 85?^, that of the 
negative carbon about 10% and the arc itself only about 
S% of the total light. Siowly a crater is formed at ibe.end 
of the positive carbon while the , negative carbon becomes 
gradually pointed. The temperature of the- positive end is 
soroelbing like 3S00*C to 4000*0 while that of the negative 
Only about 2500*0. Both tne carbon rods are gradually 
consumed. 'The positive carbon is however consumed twice 
as fast as the negative- The cross section of the positive 
carbon is therefore made twice as large as that of the negative. 
When alternotiug* current is used both rods become pointed, 
and arc consumed atthe same rate. In that case the rods are 
made of the same cross-section arca.i 

The potential difference between the two -> carbon" rods, 
necessary to maintain an arc is given by the following 
relation t — • " 

B"* Volts, 


o Vide Cfcsyler XVIII. 
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•where o, h, a and d ate constante I the length of the arc in 
mm and » the current in ampere. It is found that in the case 
of continuous current a minimum potential difference of about 
44 volts is necessary. 

As the carbon rods are gradually consumed the distance 
between the ends of the rods increases and there mnst be 
some means for bringing them closer. Ultimately the catbon 
rods have also to be replaced. ■ The inconvenience due to this 
has made the arc lamp almost obsolete in modern times. 
A modi&cation of this known as Flame Arc lamp is however 
sometimes used. In such lamps small cavities made at the 
ends of the carbon rods are filled with certain metallic salts. 


'When the arc strikes these salts are gradually vaporised and 
this produces a bnllantly luminous flame. The Flume Arc 
lamp consumes only about 0 3 waits per candle and is there- 
fore much more efficient than even gas filled lamps. 


Art 77 

Discharge lamps 


In modern times the ionisation* of gases 
is being extensively utilised in producing 
luminous sources. If an electric discharge is 


passed through n gas at low pressure the gas becomes ionised 
and light characteristic of the gas is produced. The mercury 
Vapour lamps seeu on festive occasions contains a little 
mercury which when vaporised by the electric discharge 
prod ubes a brilliant greenish blue light. Neon on the other 
hand gives rise to the characteristic red glow. The familiar 
“Neon signs" consist ol long tubes containing pure neon at a 
pressure of the order of a few mm of mercury. Similarly if a 
tube be filled with sodium vapour brilliant yellow light is 
produced by the electric discharge through the tube. 

In a modified form the electrodes are themselves small 
incandescent filaments. These filaments are however used 


Fluorescent 

lamps 


not as sources of light but as sources 
of electrons -f. When these filaments are 
made incandescent by an electric current 


electrons are emitted and the presence of these electrons 


® Vide Art 201 


t Vide Chapter XX 
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makes the tube conducting. The inside of the' tube is coated 
•with fluorescent substances. And when the discharge passes 
these begin to emit profuse quantity of light- Such lamps 
kiioivn as fluorescent lamps are nowadays extensively used in 
houies and also for street lighting. There is of course some 
initial cost for instalhrg these lamps but the low rate of 
consumption makes them very popular 

An electiic kettle or an electric stove is another example 
of tlie application of the same principle. The conducting 
material cjnsisting of thin iron or platinum wire surrounds 
the kettle proper; the whole is covered on the outside with 
a protecting material. 


In electric furnaces also the same principle is ntili.sed. 
Thin platinum or iridium wires are wound round the 
porcehniu furnace. Very high temperature, can be obtained 
by pas'ing large currents through these wires. 


In electric kettles or clcctiic furnaces subs- 
Efficiency tances are heated at the expense of electric 
energy If there is no loss amount of heat energy obtained 
is equal to the amount of electric energy spent. There is 
however always some loss of energy due to conduction, 
convection etc.; ns a result the amount of heat energy is 
always less. The efficiency of the insirmhcnt is defined to be 
a m oun t of heat energy utilised 
ninouut of electric energy spent 
This efficiency is ahvay.s less than one. 


N fi. In order to find this ratio both must be expressed in 
the same unit, viz. ergs or calories. 

An electric ke'tle takuiQ 3 avis at 220 volts, brinQS one litre 
of enter from lb*C to the bjiltng point tn H minutes. Find tti 
efuieneg. C. U. 2937 

licit geoerited by electric enrrent 
520x3x11 xeo 


4 18 

10121 0’6 calorie*. 


(Vide irt 73) 
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Heat ctilUcd by beating tbe water 

-I000x<100-18)-S2000 calories , , 

efiBdency-j^^--0-78or7fi%. 

/4n arc lamp requires 60 veils and 15 amperes. The current 
is .supplied at 220 volts. Find the value df the resistance to be 
included in the circuit. What is the cost of running 'the lamp for 
10 hrs at 20 pice per BTV. > 'Ci U. 1969 

Resistance of the arc lamp= =4 ohms 

' ' •• 15 ' <■ ’ ' i * 


> If R be the additional resistance required when the arc runs ‘on 
220 volts the total resistance is (R+4) ohms. The current should be 
15 amperes. • , „ 


220 

Hence -^q|^s=15 /. R= 10.7 ohms. - * ' 

' <■ . 

Number ofBTU consumed m 10 hrs.**?— - 

,, . 220x15x 10 ' „ . ^ 

j . Cosi= '• io{)o ’ pice=Rs. 6.60 


Art 79 Detenninatfon of Joule’s equiTBleot (J) by 
electric method. 

Callender & Barnes” apparatus is tbe roost suitoble for 
tbe purpose. A wire R usnally made of platinum is enclosed 
in 8 glass tube through wbich'tberc is a steady flow of, wafer. 
A. steady curient «■ is mode to pass through this wire. Heat 
geacrated in the wire produces a change of, temperature in 



tbe water es it passes throngb the tube. When the steady 
state has been renched tbe temperatures Ci and Ct of water at 
tbe entrance and, pt , tbe exit,' are' carefully incasuTed, 
preferably by a platinum resistance tberniometcr (Vide Art 
no). Tbe temperature of the apparatus being now steady 
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no hent is absorbed by any of its parts. 

Water flowing through the apparatos in f secs is colJecfed 
and weighed ; let its mass be n gms. If E te tbe polentisl 
difference between the terminals of the wire R, the amount 

calories-' Hence if t be the! 


of beat generated in time t is 


J 


average sp. heat of water between tbe temperatures and 6t 
and if b be the amount of heat lost by radiation, wc have 

. ■ ^ {St~0i)+h r ’ • • ; , ' ' 

. The current i is.measured by having b standard resistance 
r in scries with R and by . measuring, tbe potential.diffcrencc 
across r by means of a potentiometer (Vide Art 113). The 
potential difference E may be measured by an accnrately 
calibrated yoltinelcr (Vide Art 93) ' ,,r ! ^ 

. The amount of heat 'A* lost by radiation can be minimised 
by surrounding the glass, tube by a vacuum jacietand then 
again by another constant temperature jacket. It may 
ultimately be eliminated by repeating the experiment with 
different values E' and »' for the potential diffcrence end the 
current, the rale of flow of water being however adjusted . 
■po tb^lhc temperatures and remain the same. Radia* 
tlon loss which depends on tcroperaturfcs is therefore kept 
constant. If m' be the new mass of water collected in time t 
we have a fresh equation ... 

Snbtrecting this equation from the previous one, 

(Ei-E'i')r 


’-m'* (0*~5j) + b 




Thus J may be determined. 


Ic thl* esfpreMiton H asd < are (xprciied in C. G, E. nclls. 
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> ExCTctselX * 


1. A eapscity 1 nj.f is charged to 10,000 volts and loddenly 

cleofaargod tbrongb a Snf coppar wire. It all the energy went 
to beating tbe wire, how many calories wonid be odiafaatieally 
liberated. C. U. 194d. Ans. 11'9 calories. 

[1 ro.f.—Oxlo® B, 8. nnits of capaoity ; 300 Tolti=l, E. B, 
unit of E. M. F.] 

2. Two wires of roBistancss 20 ohms and 30 obmc respect- 

ively are connected in series to tbe terffijnefs of fasttery. A 
third resistanoe r is to be used in parallel with 20 ohms 
reeietanos so that heat generated in 20 ohms reEistance reduces 
to one-fourth of its former value. Find r. Ans 12 ohms. 

3. What is watt ? How is it deSned ? 


A 10 ohm coll of wire is used to beat 1000 gms of water 
from 16'C to 100*0 to 20 mlaotes How much current must 
bo used ? What Is the amount of power consumed ? If one 
B. T. U. costs d ae, how mnoh will you pay ? 

Ans. 5'd5 Bmp ; 297‘5 watts ; 2'48 Pics 

4. What is an arc lamp ? Wbat are its advantages and 
disadvantages ? Desoriba other kinds of lamps that are in use 
in modern times. 

5, A current of 3 amperes passes through a wire ol 
resistance O’S ohm immersed InlOO gms of turpentine contained 


in a copper calorimeter of mass 95 gms. Calculate tbe rise 
in ^emperatnre produced in 0 minutes. ISp. beat of copper 
'=• 0'095 end 8p. beat of inrpontino •=’ 0 42]. 6 3 0 

6. A current of 4 amperes j asses through a wire of 
resistance 0‘54 ohm immersed in water at 20’C. Ice is con- 
tinaonsly added to water eo that tbe temperature remains 
constant. If I3'5 gms of ice are required in 16 mfnutef find 
the value of J. ( Latent boat of water.^BO calories. ] 

Ads. 4*20 10’ ergs per calorie 


7. A 60 volt lamp is to be run from a 220 volt snpply. 
Explain how this can be done. If tbe current through the Ismp 
be 0*6i amp. find bow much power is taken from the supply 
and bow much is aolually consumed by the lamp. 

Ans. 1I8'8 watts ; 27*0 watts- 
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8. In ft hoTJBe there are 15 20*oftn6Ic power Iftmpt e*eb 
requiring 2'4 watts per candle. If these lamps »re nicd on ftn 
ftTcrage of 4 hours per day, calculate the cost of eleotriesi 
energy-oonsumod in a month of 30 days. One B.T.U. costs 6 as 

2ns Bb S7* 

9. In a local installation there are (1) 200 SO* watt lamps 

(2) 800 16-wBtt lamps and (3) 10 P, electric fans. 'What 

is the horse power of the driving engine ? What would be' the 
cost of electrical energy consumed in & month of 30 days if the 
lamps and the fans are run on an average of 6 hours and 8 
hours respectively in one day. [One B> T. XT. costs 5 ae. ] 

Ads. 29*1. H. P ; Bs 1423 14 »s, 

10. Determine the H. P. of the dynamo used to feed 40 
220 volt 30 watt ineandesoent lamps. Determine also the 
total current supplied hy the dynamo. [ 1 H. P.*"746 watts 1 

Ans 1'61 H. P. ; S’46 amp. 

11. How many 25 eandle power incandescent lamps can be 
••.mn by 1‘2 H. P. dynamo, each lamp reqoiriog I'S watts per 

candle? If the supply voltage be 220 what is the resist ance of 
etch lamp 7 Ans. 27 lamps. 1489 ohms. 

12. DeSoo electric power and efBoiency and express the 
former in 0. G. 8. units. 

A 10 H. P. engine is need to drive a dynamo anpplyihg 
current to 200 30 watt lamps. Wbat is the eBioienoy of the 
dynamo? ’ ' Ans. 80'4?S 

13. A 1000 watt eleotriesi krttle has an efPoiency 86% 

How long does it take to raise one litre ofiwster from 20*0 to 
the boiling point ? What is also the cost inenrred it one unit 
Is charged at 5 as ? Ans. 6 59 mins : 0'65 ss. 

C.U. Qnestlon 

1957. Stste Joule's Liw for the rate of production of heat in 
• coil of wire carrying a current. "What is a Joule and a watt ? 

Two reslstaoees 20 and 40 ohms respectively cam be 
eODteoled to a source of E. M. F. Compare the rates cf htat 
production in the two resistances when they are (a) connected 
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in leriet and (6) conneoted in parallel. Ana 1 : 2 and 2 ; 1. 

1964. State and explain Joale’a law nf generation of beat 
in an electrio cironit. 

Deioribs tbe experiment for meaanring the meebanical 
equiralent of beat by electrical means. 

A 660 watt eleotrio heater ia designed to operate from 
220 Tolt main power source. Wbat is the rate of generation 
of heat in ealories/seo ? If tbe line Toltsge drops to 200 volts 
wbat power does the heater tske ? {Change'in beater resistance 
may bs neglected) -- Ans, 157 1 oal«/seo 645’5 watts. 

1966 State Joule’s law for production of heat^ in a coil of 
wire carrying a onrrent. What ia a Jonle and a Watt ? 

The beating element of an electric kettle has a resistance of 
53 obmt. How^ long will it take to boil 1'5 kg of water st 
15*0 when oonnected to a .230 volt supply ? Neglect losses. 
(1 calorie ■■ 4*18 Joules). Ans. 8 9 mins. 

1968. Write notes on “Fluorescent Lamp’’. r 

1969. Deduce an expression for the heat developed, in a 
conductor due to a flow of a steady current through Jt foi rO giNcn 
time. Define Watt and Kilo-watt hour. 

1973: Deduce the expression for the heat developed in a 
coQductor due to the flow of a steady current through it fora' 
given time. Define a Joule and a Watt. 

The heating element of an electric heater has a resistance of 
50 ohms. When it is immersed in 500 c.c. of water with a 
steady current of 2 amp. passing it for 1 0 minutes, the tem- 
perature rise is found to he 57.2 'C. Neglecting losses, calculate 
Joule’s equivalent. 



CHAPTER X 

action of cdbkents on magkets 

ArtSO Inthe year 1R20 Oersted of Copenbegen first 
demonstrated that a wire carrying a current prodnees a 
magnetic field in its neighbourhood. 

Direction--. The' direc/ton of the field at any .point is 
obtained by any of the following rules 

(1) Ampere's rule : Suppose a man is swimming, along 
the wire in the direction of the current with bis face towards 
the point, then the direction of his left hand gives US the 
direction of the field at the point. 

(2) Maxwell's Corkscrew rnle : Imagine a cork screw 

driven along the wire in the difectibn of the 'current.' The 
direction of rotation' of the thumb gives us the direction of 
the field at any .-point. , 

Kagnituda . '£bc liiaghitude of the field . may obtained 
from cither of the following ' 

(1) I^place's L«w; ^ ''' 

, Let A^B be a wire carrying a current i. At any point 6 
of this wire consider an elementary length dii.' Then 'the 



fiejd at any point P, due to the elcmenUry enrrent in Is 
given by 
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• ds cos S 


where OP“r and 9 is Ihe angle between r and the normal 
to <it, the normal ON being drawn in the plane containing r 
and dt. By applj'iug either of the two rules ( for finding the 
direction) it may be seen that the direction of the field at P is 
perpendicular to the plane contained by dt and r( — OP), The 
resultant field at P due to the whole of the current in AB may 
be found by integration. 

(2) Ampere’s Theorem 

Any closed circuit carrying a current 
t is equivalent to a magnetic shell, the 
perimeter of which coincides everywhere 
with the wire, the strength of the shell 
being equal to the strength of the 
current viz. t. 

The current being thus supposed to 
be replaced by the shell, the potential , 

( magnetic ) at any point due to the 
shell may be determined (Vide Art 10) ; , ^ Plg.m 
and differentiating the potential, the intensity may be 
obtained. 

(3) Line Integral 

This is an extension of Ampere’s Theorem- 

Let AB be a closed circuit carrying a 

current ». By Ampere's Theorem this circuit 

may be rcpioced by a’ magnetic shell of 

strength If wc now consider two points P 

and Q very close to the shell but on opposite 

sides of it, V -V [Vide Art 10, 

P ft 

equation fl5) ] *’• a. the work done in carrying 

a unit North pole from P to t it must 

be remembered however that the path along 
Pig. I2S which the unit North pole is to be taken 

must nowhere cross the shell. Since the circuit carrying the 
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cnm-ct is nctually in existence and not tbe magnetic 
shell, the points P and Q may be made to approach each 
other until they coincide. In that case the -path is a; closed 
one linked with the circuit AB. Thus we have the law : — 
.■Woik done in carrying a unit Noith pole round a dosed 
path once linked with the current » is.'equal to 

If the path be linked n tiroes with tbe circuit work 


done=4’i'n» . ,, ' 

Art 81 We shall consider a few examples illustrating 
the above laws. . 

K Straight Current. 

1st Method (fl) BY LAPLACE'-S LAW, , 



Let AB be a straight wire 
carrying a current j. Wc are to 
find the riiagnetic fetid at any point 
P. Let CD be an elementary 
poriion ds of the wire. Then the 
field, at 'P due to' the elementary 
current iii’ds , 

. » ds cos ® , . . . 

' ■" 

where; TC?:r.r and . LPCN CN; 
being normal to CD. , -]oin,PC,'P,D> 
Drop PM perpendicular from P ; to 
A'B (produced ■ if , necessary).. Let 
■it.be equal to a. • CEi.is. an arc ;of 
' a 'circle whose rcentre is P -and 


■yig. 128 radius equal to PC_;/CE. may. ^be 

regarded as normal both to PC, and to PD., , 


Then ; /.MFC- LPCN^Q. . -ACPE“d5 • 
also LDCE",£,PGN'=^, for each . 'is tbe coro- 

, . plcnicnt of the A.NCE. 

ds cos 0‘“CE”rd5 and *ir=— B^cds d 

r pc 


* Since CD it Infinite.MciuIly smtll it dor’s ' rot inktter'vhellicr' we 

tncBSDTCr from p to Cor to D orto «Dy blberpalai jn CD, ■ < 
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* «rJ^ • » dS % cos 0 d0 


Htnce 

r~ ' r" , r a 

. For the whole of ihe wite the intensity at P is 

r- -fit 

(35) 

% " 


r * ' ■ r *1^* 

J cos 0 j ® I ” (sin 01 — sin f>i) ••• 
01 


jr' 


and Of 


TT 

2 





If the wire be infinitely long Sx — 

(35a) 

ib) BY LINE INTEGEAE 

Consider a point P 
2nd Method ^ at a distance o from 
an tnfinuely long 
straight wire carrying a current ii 
From P drop PA perpendicular to 
the wire. Then AP^o. With 
centre A and radius AP describe a 
circle in a plane perpendicular to 
the wire. From symmetry the 
intensity F at every point of this 
circle, is the same in magnitude 
and from Ampere’s Swimming 
■Eule orfrom Maxwell's Cork Screw Fig. 127 

Rule its direction is found to bejtangential to the circle. .Now 
intensity being equal to the force on a unit north pole, the 
work done in carrying a unit north pole round this circle 

“force X distance "2’fflF • 

But this circle is linked once with the current *. 

By the theorem of Line Integral 

F-i* 


2vaF“4^i 


or 


• When the wire extends to infinity in both dlrecUon*, Si lies on 
the other side of the normsl and is therefore negative. 
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II, Circnlar cnrrcnt 

Art 82 (I) INTENSITY AT THE CENTRE. BY 

LAPLACE’S LAW 


In this case the radius 
r is normal to any elemen- 
tary length dt of the 
circular wire. Hence 
the angle between r and 
the normal to dt, is zero. 
Thus from Laplace’s 
Law field at the centre 
is given by 

_ — ids cos 6 



-Vs dt 

r* 


r r 


If there be n turns of the wire 
r ■ 


F- 


(36) 


The direction of the field is normal to the plane of the coil 
and if the current flows clockwise as shown in Fig. 128 
field is towards the plane of the paper. 


(2) intensity at any POINT ON THE AXIS 
(o) BY LAPLACE’S LAW- 

l*t T ' A 

Method Let AB represent a circular current of 

radius r perpendicular to the plane of the 
paper. Let P be any point on ihc axis at a distance s from 
the centre O. Consider an elementary length dt of the wire 
at A. Obviously PA is perpendicular to the clement. Hence 
by Laplace’s law the intensity at F due to this elementary 
. tdt ids ^ 
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Bat this Intensity acts in a direction perpendicular to the 
plane contained by ds and AP and hence perpendicular to AP, 
Resolving this along OP and perpendicular to OP, we notice 
that the component perpendicular to OP is equal and opposite 
to the conesponding component due to an elcmenlary current 


A 



Fig. 129 ' 


at the opposite end of the diameter through A. Thus if we 
consider the Geld at P due to the entire circle the components 
at P perpendicular to OP cancel one another. Hence we need 
consider only the component along OP. 

Due to the elementary current at A * 


this component 


t ds 


sin 


i ds r 
r*-*-**' ^r*+fle* 


irdt 




Hence for the whole of the'Clrcle the intensity at P is 


__ ir* i it: 

jt* “ i jj- j/ • 

If there be n turns of Ibc wire ' 




^ 3 / 


••• 


f * i ^ 




( 87 ) 


I8L 


To an observer at P the current as shown in Fig. 129 
appears anti-clockwne : the field at P due to this current is 
along the axis and is directed awajf from the coil. 

ib) BY AMPERE'S THEOREM . 

^ lut . 1 . ^ Let A B represent a circular coil perpendi- 

cniar to the plane of the paper. Let P be any 
point on the axis at a distance s from the centre O of the 


f / 
i 


\ 

T \ 


.'A 


; 

t 

i 

/ 

/E 


Viz. ISO 


coil. We replace the circular current by the corresponding 
magnetic shell. By Ampere's theorem the strength of this 
magnetic shell is equal to t the strength of the current. Hence 
Polemial at P=«\ solid angle APB* [Vide (14) Art 10] 

As deducted in(15«)Arl 10 (a) this potential is given by 


\‘=2 



X 

F+7* 


} 


The potcniial m.ty also be determined independently if wc find 
Jut the solid angle by utilising the following theorem : 

Area of a i^htn inttrcepced hXicren any two paralltl planet 
—area of the circumscribtng cylinder between the same two 
planes, the axis of the cylinder being perpendicular to the 
planes- 


• AS ii a ciicalsr coil and Pis an 
external point on the axis of A B. If P 
be joined by liiaigbt lines to every 
point on the circle AB thro tbe«e line* 
fotKi a cone. The solid sogle APB of 
this cone is the solid angle subtended 
by the coil at P. 



Fig. 181 
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We drew the sphere ACDE with centre P and rtdins PB. 
The area ACB of this sphere intercepted between the plane 
AB and the tangent plane at C-* corresponding area of the 
circumscribing cylinder between the same two planes. 
-ZjcPD.OC 

Hence the potential at P 
V ■“ * X solid angle APB 

, .. area ACB . . 2jrPD.OC 

PB* pF~ 

Intensity at P 

T7 «7w •J -a \ (r*+a^) 
ds : 

"• 2ffi — rz~*~ */. 

(r<‘+^) '' 


7ot n turns of the wire 


2a-ffr*»‘ 

(r*-i-a:V 


Art 83 . in. Solenoldal Oirreot. 

lit Method. , 



Fig. 132 

The solenoid shown in Fig 182 (a) is represented .* .,continao« 


tvbe la Fig 1*2 (6). 
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Consider a solenoid of radius r carrying a current i. Let 
AB be an elementary length dx of this solenoid. If the 
number of turns per unit lengtlTbe n this elementary length 
contains ndx turns. This elementary portion may therefore 
be regarded as a circular coil of ndx turns with centre O and 
radius equal to r. Let P be any point on the axis at a distance 
X from O. 

Intensity at P due to the element AB 
Qxnr'idx 

From the magnified diagram Fig 132 (c), 

dx sin 6 — BC = BP dO — ^r' + x^ dd 


dx dO 


-.yr*+®*°sin 0 


and a:*»r cot 6. 


Intensity at P due to the element AB 
dx Sr’nr®* 


2Knr*i 


T* + x*' v'r’ + a:* 

dfl 


r® + r* coi*8 


J6 

sin 0 


2^nr*t 


. sin Odd 

sin a 


~r* cosec® 8’ 

If 0i and 6i be the limiting values of 6 for the ends of the 

solenoid [ Vide Fig 132 (d) ] the resultant intensity at P 
Ot 

L 


-/ 


2irn» sin 6 dO— -2^nt|^cos 


e 


0i Pi 

“2ffni (cos di-cos d«). 

-If the solenoid be infinitely long so that the point P is 
well within the solenoid, ’/ii=0 and ^i=ar. Hence cos 6i=l 
and cos Oi— - 1, 


the intensity at any point within a long solenoid 

-2r:nt [1 -(- l)]=4,Tnt ... (38) 

B. (1) Here n repreienU the nnmber of turns ha unit Ungth 
And not the total Dctnber of turns. 

(2) This inlenslly i» independent of the rsdius r. 

(3) If we consider t point outside the solenoid, on the «xis 
produced »nd if to an obsener at this point, the enrrent in the solenoid 
appears elockxtnse. then the intensity at the point is directed towards the 
aoh-noirf. 1 . e. the solenoid carrying a current is equivalent to a tnagnet 
with the South pak nearer the observer to whoni the current ancears 
cfocitTfir, 
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Consider an endless solenoid, i, e. a solenoid wonnd in the 
form of a ring of 

2nd 

Method radius a . , Consider 
a path along ,the 
axis of this solenoid. From ^ i 
symmetry the intensity F is - 
the same at every point of 
this path and is everywhere 
directed along the path. '■ 

Hence the work done in 
carrying a unit North pole u 
round the path “ F. But " 

if n be the number of turns 
per unit length of the solenoid ' Fig, 133 

the total number of turns linked with the path = 2rran, > 
by the theorem of Line Integral 
F. 2jra”4x. 2xon, » ^ i 

or F*="4xn» ^ 

But this result is independent of the radius a, i. a, it 
holds good for all values of a. If we now suppose that 
a is in&nitely large, the ring solenoid becomes an infinitely 
long straight solenoid. Hence the intensity at any point 
within an infinitely long straight|solenoid=4jr7if 
Art 84 Tangent Galvanometer. 

Dueription. A tangent^ gal- 
vanometer essentially consists of a 
vertical circular coil of wire of a 
number of turns, at the centre of 
which a short magnetic needle is 
pivotVd. A light but fairly long 
pointer usually made of aluminium, 
is rigidly attached at right angles 
to the needle. The pointer rotates 
on a horizontal graduated circle. 
The instrument rests on a suitable 
base provided with three levelling 
screws. 




Fig.- 184 
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Adjusment. The instrument is first levelled { the coil is 
then rotated until the plane of the coil comes in the magnetic 
meridian, t.e, the magnetic needle and the coil lie in one plane. 

This IS done in order to make the field due to the current perpendi- 
cular to that dUe to the Earth, as otherwise the formula ob deduced 
below breaks down. 

Tlitory. If a current t is now passed through the coil the 

intensity at the centre due to this current is F and. 

this is at right angles to the coil, where «■*» no. of turns and r** 
radius of the coil. [Vide (36) Page 179) , 

The intensity due to the Earth’s horizontal component 
is directed along the magnetic meridian, i. e. is parallel to the 
coil. 


The magnetic needle is therefore 
acted on by two fields, F due to the 
current and H due to the Earth at 
right angles to each other. If the 
resultant field make an angle 0 with H 
we have 


tan 6“ 


F 

H 


2/Tnt 

rH 


or 


tan — “ tan 0 



where ' G — — - ‘ ' i > 

r 

on passing the current the needle rotates throngh an 
angle 0 given by the equation (39). 

K 

The quantity g;- is called the reduction factor and G is 

called the constant of the gnlvanomeler. 

W. a. In the aboTC theoty we here tacitly aaaumed that intensity 
at the centre of the coil Is the same aa that at the poles of the raagneUc 
needle. This is approsiroalely true only when the siie of the needle la 
extremely ahori in comparison to the radius of the coil. Hence the 
lieccssity of the shortness of the needle. 
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Writing fe for »-fctan8 (S9a) 

log i-'Iog &+log tan 
Hence, differentiating, 

di sec^Od S ^ d& _2d0 

i " tan 0 sin 0 cos 6 "“sin 2<? 

'T- represents the proportional error in rneasoring the 

current t ; this is miniionm when sin 2® is maximnni, i. «. 
when 2® ■“90“ or 45* 


Art 85 Sine Galvanometer. 


This instrument is essentially the same as the tangent 
galvanometer ; the only difference is that in this case the 
Tcrtical coil can also be rotated about a vertical axis and the 
amount of rotation can be measured by another graduated 
horizontal circle attached to the base. 


To use it the instrument is levelled and the vertical coil 
la brought to magnetic meridian as in the case of a tangent 
galvanometer. When the current 
is passed the needle is deflected. 

This deflection however is not 
measured. Instead the vertical 
coil is rotated in the direction of 
the deflection of the needle. The 
deflection of the needle thereby 
^ iiic«=ases but at a much slower 
ultimately the coil over- 
takes ufet nttdie, i. a. the coil and 
the needle again lie in the same 
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plane. J The deflection ^ of the coil from the initial position in 
the magnetic meridian is now measured. The needle is now 
acted ofi by two fields, — H along the magnetic meridian and F 
perpentlicular to the coil. Since the needle is parallel to the 
coil the resultant of these two fields lies in the plane of 
the coil. 



Hence 


Z. ?£?*• 

H *“ rH 
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sin ^ - 


or t "•r— sin sin ^ (396) 

Since the maximum Talue of Bin <f> is one the maximum 
current that can be measured by a sine galvanometer is k. 
There is however no such restriction in the case of a tangent 
galvanometer. 


Art 86 In both sine and tangent galvanometers 

Saniltlvanatf jjjg instrument is sensitive if.fe is small; 
for, in that case 6 { or <}>) is fairly large even if the 

fH 

current is small, Buti— To make fe small we have to 

reduce r & H and increase n. There is a limit to which etch 
of these can he adjusted. In the case of the radius r the 
limit is reached when the sire of the needle becomes apprecia- 
ble in comparison to r. n also cannot be’ increased indefinitely 
as otherwise r gradually begins to increase along with n ; 
moreover the resistance of the coil is also unduly increased 
so that not much advantage is gained thereby. The external 
couple due to H can however be reduced to a very large 
extent by the use of an astatic pair of needles, 
Aitattc pair If two magnetic needles of very nearly 
equal strengths m and m' be rigidly joined 
together so that they are parallel to each other but the 
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north pole of one points the same way as the sonth pole of 
the other then the combination is said to be an astatic pair. 

Th*e horizontal component H of Earth’s intensity acta on 
both the needles ; whereas if the coil be 
wound round one of the needles [ as in 
Fig. 137 (a) ] the intensity F due to the 
current acts only on one needle of pole 
strength m. Thus the resultant force 
due to His(m~m')H but that due to 
F is mF If the resultant of these two 
forces makes an angle 6 with H 
have 


we 


tan 0= 


nF' 





{m — m')rH 

. rH m ~ fJi' a 
or tan & 


Fig. 138 


(39c) 


■ On passing the current the needle rotates through an angle 

9 given by (39c). The reduction factor is now — — 

2iiti tn 

Clearly this can be reduced to a very large extent by making 
»n nearly equal to m' 

If the coil be wound round both the needles but in such a 
way that the current passes round them in opposite directions 
[as in Fig 137(h)) the force due to the current becomes 

^ pj' 

(t7i+m')F; the reduction factor is altered to-— -—r~p 

1X1% fry^Tn 


Clearly this is much" less than what it is in the first case, 

A galvanometer in which an astatic pair of needles is 
used is known as an astatic galvanometer. JEssentially it is a 
tangent galvanometer ’with_ its reduction factor v^efy much 
reduced. 

As we seen the theory of tangent galvanometer 

Art 87 ■ '* discussed depends upon the assumption 

Helmholtz’s " needle rotates in a uniform field of 

galvanometer strength F. This is approximately true only 
when the size of the needle is small in comparison to the 



189 


radlns of the coil. This necessitates the use of a short 
magnetic needle. 

In Helmholtz’s tangent galvanometer this defect is removed 
by using two parallel coils and having the needle midway 
between the two. The two coils are exactly similar but are so 
wound that the intensities at the mid-point C due to the two 
colls are in the same direction, 
i. e. the resultant intensity at C 
is twice that due to a single coil. 

Theory. Let the two .coils 
be each of n tumt and let the 
hcedle be placed at C' midway ' Fig. 1 89 ' 

between the two centres O and O', at a distance x from either 
of them, The coils are wound in such a way that at 0 the 
field due to the two coils are in the same direction and. the 
resultant field is therefore the sum of the two. Let r be the 
radius of either of the coils. Then the intensity at C due to 

s 

one of the coils is given by 



F [ Vide (37}. Page 1 80 ] 

(r>+iE») ^ ' 

N 

As we pass from C towards either of the coils the field due 
to one increases and that due to the ' other ' decreases. 
Uniformity of the field in the space near about C is therefore 
secured if the rate of increase of the field due to one of the 

coils is equal to the rate of decrease of the field due to the 

other, ». «. if the rate of variation of the field is constant at C. 

dF d*F 

*-«• if ^-constate, ». «. if ^-OatC. 

Now F — ^ jp - 1 ■“ A(r* +s*) ^ writing A for 2xnr®t 


" M ** 3Kr® + s*) - 8 Ae(r* + s*) ” ^ 
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[(r* + «*)''^ + «(-|)(r’ + ar*)“^2»j- 

== “ 8 A (r® + a;*) ^ - 6ar(f * + a:®) ^ ^ 

•* — 5 ” 

Since ^^"0, (r* + ar*) ^-.5a;»(r9+a;*) 


or r®4a:’ — 5a:* multiplying both sides by (r* +2*)^ 

or r‘^42* or 2«««»r 

Hence in a Helmholtz’s galvanometer the coils are 
separated by a distance equal to the radius of either of the 
coils and the needle is placed midway between the two. 

The resultant field at C due to the two coils is givep 
2ir«r®* 


by 


F-2X 


^ 3/, 

(r'+a^) '* 




4vnr*t . , 32’rnr* .* 32^nt 


(t‘) 


Hence if 0 be the deflection of the needle at C we have 


tan ^'=•5: C As in Art 84 ; Fig. 135 ] 
o 

», 32v nt' 

“^SrH^ 5 

32vn 

where 

32vn 


This ‘A’ is called the reduction factor of the instrument. 
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This may be determined by passing a known current i through 
the instrument and observing the rorresponding deflection 0. 

N. B. Helmholtz’s galvanometer is also essentially a 
tangent galvanometer. 


A tangent gahanometer consists of two earn! circular 'coils, 
each of one turn and of radius 9 cm placed at 24 cm apart on a 
common axis, the needle being on the axis midway between them. 
Find the galvanometer constant. C. U. J935 

Field due to two coils=2x--^3~^;7? 

(t I X ) 

^ , 2-X1X9V 12jtt 
(92-1-125)3/2 - 125 ■ 

I2'> . ■« . '25H, , H . . 

tts-h iv:- "“o' “ 




where G~ 
the galvanometer constant is . 


1272 

125 * 
12 :: 
125 


Exercise X. 

L 

X. State Laplaee’i Law (or the Geld at a point dne to a 
ibort element of oarrent. 

Obtain an expression for the Geld at the centre of a olronlac 
coil ; henoe dednoe the formula for the tangent galvanometer. 

3. Obtain an expression for the Geld at a point near a long 
straight wire carrying a oarrent, 

A current of 6 amps paeses vertically upwards along a 
straight wire. Find the point where the Geld dne to this 
current balances Barth’s Horizontal Component. [H*"0T8]. 

Ane. At a point ome west of the wire. 

3. Stats the law expressing the equivalence of a oironit 
carrying a oarrent and a magnetic shell. Henoe or otherwise 
^rove that the work done in cerrying o unit North pole round 
a closed oironit once linked with & current is equal to 4ri. 

4. A current pastes tbrongb z tangent galvanotnetar and 
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prodnces a' defieotioD of. 30V- If the rodins^eca tbeti'omber of 
tarns of the coil bo 15 cms and 50 respeotiraly find the strength 
of the correDt. ( H®0'18 C- G- S. nnife, ] , . .Ans. OOBamp. 

5. Kzplain the principle of the tangent galvanometer. 
Why is it necessary to use as small a saspended magnet as 
possible in the tangent galvanometer- 

A battery, a resistance B and a tangent galvanometer are in 
series. If 500 tnrns of the coil of the - galvanometer are used 
the deflection is 45*. What -wonld be the deflection if 60 tnrni 
of the same coil are need? [ 600. tnrns of . the coil have a 
resistance 8B. ] Ana. 26*34' 


t Hints If E be the E. M. P of the battery and r the 

E rH 


radins of the coil. 


8R + B 2ffx600 


tan 45* 


and 


E 


8B 

10 


+ E 


rH 

2’r X 60 


tan 6 


Hence by division $ may be fonnd ont ]. 

6. Explain how a tangent galvanometer may be nsed as a 
•ine galvanometer. 

When a certain current pseses throngh a tangent galvano- 
meter tbs deflection ie 46*. The plane of ilie coil ie rotated 
nntil it makes an angle of 45* with the mageetio meridian. 
What would be the deflection if the satno current now passes 

throngh the galvanometer ? 'Acs. G7*30' 

» 7, A onrreht of 0’b2 amp produces a deflection of 60* in a 

1 % ngent galvanometer. If the radius of the coil be 20 cms, Sod 
the number of turns.’ What would be the deflection by half 
the current, if the instrument be used as a slbe galvanometer ? 
[H^OIS O, G, S: nnit] f ' Ans, 496 ; 69* 56' 

8. What is meant by the constant of ..e tangent galvano- 
meter and, what ris its reduction factor ? Biplain why In 
determining the reduction factor of a tangens gaivanometer. -tbe 
deflection is made nearly 45*. , ‘ ' • 

,It.dne to a certain current the deflection .produced in a 
tangent galvanometer be 60* find what wonld be the deflection 
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when half the current passes through the instrument. 

A ns. 40' 64' 

9. What la ah astatic pair of needles ? Desctibe two 
mothodo of using an astatic pair in a tangent galvanometer. 
'What is the advantage of using an -aatatic pair ? ' , - 

■'10. Deduce an expression for the magnetic field at a point 
■on the axis of a circular current. ^ " 

A current of 0'5 amp passes round ,a circular, coil of dia- 
meter 20 oms. If the number of turns of wire in the coil be 60 
find the intensity at a point on the axis at a distance of 10 
cms from the centre. > > <• Ans. 0*56 G. G. B. unit 

•11. '•Explain the theory of-Helmholta's tangent galvanometer. 
In what respect is it '-superior to an ordinary tangent galvano- 
meters? • ^ ^ 

12- In a Helmbolte’s tangent galvanometer the 'oo!lB'''ar 0 
each of radius 10 etas and of 200 turns. If a current of 0'02 
amp- passes round ttm coils find the intensity at a point on 
the axis midway between the coils. What would be tba 
deflection of a magnetio needle placed at this point 7 [H*~0'36 

C. 6. S. unit ]. Ans. 0’36 C. G. B. unit ; 45* 

f 

IS. Obtain an exprasilon for the magnetio field at a point 
wall within a tolenoidal current. 

A solenoid 20 oms long is of 800 turns. ‘If a currant of 0'S6 
amp. pasiea round the solenoid find the Geld at a point well 
within the solenoid. Ans. 12'57 0. Q. B. unit. 

14.' How is the field at any point ’’within 4 aolenoidal 
Current affected by the' variation of (a) the diarcioter (6) the 
length and (c) the total number of turns of the solenoid 7 

A solenoid 60 oms' long is wound with three layera of wire 
of 800 turns each. If a current of 2 amps, fiows through the 
aolonold find the field at a point near the centre. ^ Ans. 82jr 
800x8 

mm Mf 


(Hints : Hare' n 


60 . 


40]. 



.‘■O' -.C-fU.' .Qncstionsi , •• ,,r 

1963.* Find the rdeSeofcion of a? magnetic toeedle. when a 
onrrent of "0*5^':amp paBseBithrongh -^a Helmholtz’s r.tangent 
galyanometer in .. which . each of :the two ooils has 100 turns of 
20 oma'meah radirii.'r [H— 0*32 0. G.'-B anifc ' : Ant' 81*064'. 

1963 Derive an expression-for -the magnetic fieldinteneity 
» point bh‘ thh'axia of a' oirbtilar tnrti of wire ‘' carrying an 
electric eaffbnt;- Datbrlbe and explaitfthe prinoiple of operation 
of- a' Helmholtz double' obi! galvanometer add^; indicate its 
advantage over the single coil type. ^ c j 

' i966i‘' 'Find the iiitensity of the-magnetio' field at-aipoint'on 
tde'^axis of a' oircnTar boil carrying- a current; • Describe' ab 
instrnment where this principle is used for the measurenieot 
of oarrent.; .r ,r ..r 

: r/.Find;the field atrength at the centre of,a short coil -15 ome 
in diameter; containing lO.torns and carrying . a current of 10 
amps.; , , .Ans. 20V 0. 6. 8 unit, 

. ■;!l969; Obtain an ^expression,, for the ; magnetic intensity ai a 
point, on the axis of , a circular coil ' of wire carrying an electric 
current. Deduce therefrom an expression for the reductiori factor of 
a Helmholtz's double coil galvanometer. ' . ' , ' ■ > 

1971, ,1974. . Derive, an express-iop for the"^ jnfgneiic -field at 
any point along /Jthc,,. axis o^ .cojbfrryjp.S 

gajvaS.^ie^r^ . 'What is meant by; the reduction factor of a tangent 
galvanometer.-,,. ./i 

r ,19,72, . Describe, a Helmholtz double coil .gaWanqmeler and 
explain -]ts principle of action. . . ;• , , . f,;- , ],-: 

How’-, is the reduefion factor .of the .instrument determined 

in the laboratory? . 

1975. Find the value of.the intensify of the magnetic -field 
at any point along the axis of a circular coil carrying a steady 
eprrent. . ' 

Describe a Helmholtz double-coil galvanometer and explain 


ourr 


v3‘ the construction and orinciolc ofi action of a. 


CHAPTER XI 


Action of magnets on ctjEeents 

ACTION OF CUERENTS ON CT7REENTS ' 

Art 88 . Laplace’s lav? states ,.^, 

that the magnetic field at . P due to 
an element of the current at O is- 

■ ■ ids cos 6 . __ 

given by F- — ^ — where OP-r 

and 0 is .the.angle between r and 
the normal to ds. If therefore, 
there be a pole of strength m at P 
the force oh . the pole due> to 
the ' ..elementary current usF- — . 

• Hence- by- Newton’s 



Fig; HO' -' i;-;' 


third lay? the force, on. the elementary current at.;P, duet to 

the pole' m -at P ' But p- is the ’field at' O 

due to the pole m, the line of force at 6 being along r. Thus 
the force on an elementary current is Htda cos 0, where H is 
the field in which the current is placed .and ^ is the angle 
between the direction .of the field and the' normal to dj, the 
normal being taken in the -plane containing ds and the line of 
force at dr, ‘ • •7 • , I' . 

Straight current pe^endknlir to the malefic field. 

Let us consider -a . straight current i at right angles to a 

. magnetic field of strength H. 

In the plane containing the 
current and,, the lines . of force 
P-. if a ; normal; ^ drawn to the 
.-cnrrenti;:7th'e' ‘..angle between 
the normal and the direction 
of the field is z?ro. Thus in 
, this-.case^.^O- and cos - 0 = 1 . 
the force on: the , current 




Fig. m 


*‘Hil 'where. I is„the length ' of .the .wire, carrying- the current. 
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N, B. If the current be' 'along, the field the force on 
the current is zero, because in, this case ® — 90* and cos ff=0. 

The direction of the force is. best given ,by . Fleming's Left 
Hand Rule ’ — Stretch the thumb, the fore. 
Lafehand rule finger and the tiiiddle finger- of your le/t hand 
so that each- is perpendicular ''to: the -other 
two. Them if the ’^forefinger be directed along Hhe; field, Jthe 
middle finger along the current /. then, the,, thumb represents 
the direction of motion, «. e. the thumb indicates the direction 
along which the force is acting. Thus in Fig;T4I the force 
on the current is perpendicular 'to 'the plane- of ^the ‘paper 
and is away from it. : '.--j : -:'J 


Barlow's wheel 


The left hand ihle is "best illustrated 
erperimentally by Barlow's wheel.'. A toothed 


wheel capable. of rotating round the centre is^so-placed that as 
the wheel rotates dififerent teeth dip into a cup of mercury one 
after' another. A hdrse shoe magnet is'placed' in 'TOch ' a way 
that the two, poles are on ,, either side . of the vertical,, tooth 


dipping into mercury. The terminals of a cell are connected to 



. . Fig. 142' '" ■ ■ 

the centre of the wheel and mercury as shown in 


the - figure so 


^that'n-cutrent’flows'along the vertical tooth.'? Let ns suppose 
•that the -North' 'pole is on the front- sidemnd the .carrent;-flow 
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downwards along the vertical tooth. By applying the Left 
Hand Rnie it can be easily seen that the force on the vertical 
tooth is towards the right. The wheel therefore rotates in the 
direction of the arrow. As sncctssive teeth come into contact 
with mercury the current flows through them and-^by the 
action of the magnetic field the wheel goes on rotating. If the 
direction of the current be reversed the wheel rotates in the 
opposite direction.' ^ 'i ^ 

CO ’ The above principle is uitilised in the 
Suspended constrtfction of a' suspended coil galvanometer, 
colt type This instrument — also known ^as D’Arsonval 

jalvanometer 'ga].p 2 nojj]jter — essentially consists of a coil of 

wire suspended between the two 
poles of a horse shoe magnet. ! A 
' spiral of wire at the bottom and the 
. ' suspension fibre at the^ top are the 
, two leads by which the current is 
made to pass through the coil. 
The suspension fibre is usually 
5 made of a thin strip of phosphor- 
bronze. Pbosphorbronze is used 
because it is conducting, is not 
easily oxidisable and bas a tensile 
strength' approaching that of steel ; 
a strip is preferable to a wire 
Fig. H 3 * because in that case the cooling 
surface is greater. 

• Initially the plane of the coil is made parallel to the 
lines of force of the - horse-shoe iaegnet. If the coil is 
rectangular — as is.' usually the case — the two horizontal wires 
lie eloug the magnetic field and therefore experience no force 
{ Art 88 3. On each of the two vertical wires, however, a force 
equal to Hfl acts where His the. strength of the magnetic 
field, »■ the current and I the length of the coil. The currents 
in the two wires, being oppositely directed the forces on 
them are also opposite in .direction ; the coil therefore 
experieuccs a counle of moment 
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X h where b is the breadth of the coil, 
r =AH*^ A being the area of the coil. 

•’ If there be n turns of the wire the total moment is nAHt. 

By the action of this couple the coil 'rotates ; the 
suspension fibre therefore becomes twisted. Equilibrium 
takes place when the couple dUc to twisting of thcr suspen- 
sion fibre becomes equal to that due to the magnetic 
force. In the equilibrium position 
if 0 be ' the angle through which 
the coil is rotated the moment of the 
~ couple due to twisting of the suspension 
fibre“M®t where m is the coefficient of 
; torsion ; and since in this position the 
‘ arm of the couple (due to magnetic force) 

' is reduced to b cos 6, the moment of the 
couple “nHtix b cos 5 — nAHt cos S 

Hence' nAHt cos 0 - 



Fig? 


or 


e 


nAH cos $ 

Usually G is very small so that cos ^ may be taken to be 
equal to one. 


•• * nAH'® 


- lid where k ■ 


nAH 


( 40 ) 


The current is thus proportional to the angle of rotation 6. 
To measure S a small mirror is attached to the suspension 
fibre. A ray of light reflected 
by this mirror is incident on 
a scale. When the coil 
rotates the spot of light on 
the scale is displaced and 
B ~ is measured by this ' HS 

displacement. A galvanome'ter ‘fitted with such a reflecting 
tninj” is known as a mirror galvanometer. 
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The cnrrcnt necessary to prodnce a deflection of 1 mm on 
a scale placed at a' distance of 1 metre from the galvanometer 
mirror, is known ns the figure cf merit of the galvanometer, 

“In modem galvanometers the;'.pole pieces are almost 
invariably cylindrical in shape. [ Vide Fig. 145 3 Further, a 
Voft iron cylinder (of the; same shape asthe poles)^ placed 
within the coil and'is' kept fixed in "position, even when the: 
coil rotates, ThismaUes the field concentrated' and radial. 
In this case, since the lines of force are radial, for. all 
positions of , the coil theY conple is nAHi.-'^Hencc - the 
^asstimptibh that is small and cos ^ is onei is not necessary.' ' 

. Art 90 ; ' A steady current when p^sed through a 

Ballistic ! igclvanometer wodnces a steady deflection and 
Galvanometers the amOUnt of [deflection gives us a meaaure 
of the strength of the current. If however the current is of 
very - short d'nralion (<.’ p. produced by dhe discharge, of a 
condenser) there is no steady deflection but the coil receives a. 
isort ol impulsive bldw'and'is'jerked-6nl- of the initial-position 
by the sudden passage of the current ; ; but since the . current 
ceases to- exist long before the deflection becomes maximum, 
•the coil tends Jto come back and after a i few oscillations, is 
again , brought, to rest in its original position: _ A, current 
existing /or. a short time means a quantity of charge passing 
.through -the galvanometer;, the. first maximum '/throw' or 
deflection of the coil gives us a. measure, of thisjquantity of 
-charge. In .such ■ cases it is. abBolntely. necessary that Jhe 
"damping , should be made as small as possible. . In suspended 
coil type instruments this damping is mainly .electromagnetic 
in; character and depends upon the nature. of. the framework 
round which the coil is wound. ' If the framework be made of 
,& conducting material, as the coil rotates an induced* current 
is generated' in the frame 'work'- and by Lenz’s 'lawf ’this 
always tends to stop the rotation of the coil. On the other 
band if the frame be ofl a non-conducting material no such 
induced current exists and there'’ ' is "no such damping. 

'■ ‘f Vide Art 147 ■ ' 


Vide Cbnpter XVI 


soo 


Galvanometers in which damping is reduced to, -a ^ minimum 
are known as ' balliatic galvanometers. In these instruments 
therefPre'the eoil is invariably wound over a, non-conducting 
frame. When the current ceases the coil oscillates a number 
of times before coming to .rest. .Theseinstruments are suitable 
for measuring quantities of electricity. If the clamping is fairly 
large— as- is produced by ' making -the frame conducting*— 
the galvanometer is called dead-beat. In this case the coil may 
make j one or two osciallions at the most but usually it make* 
no 'oscillation and gradually comes back to the initial position 
when the current is stopped. A ,dead-bent^ galvanometer is 
suitable for measuring a steady current. It may be noted 'that 
a suspend^ needle-type galvanometer ^may also be ballistic or 
dead-beat accorditfg as the'damping is small or large. ' ’ ’ 
■‘'Art 91 ^ ’'^Theory of Ballistic galvanometers” / 

We'^ shall tiow 'proceed ‘ to discuss the theory of ballistic 
galvanometers. We shall first consider a sospeoded magnet** 
type galvanometer. . i-.. • ■ , - i ,, 

If at any instant t be the current in a circular coil the field 

at the centre is Gi where 6 * ~ — t Vide (36) Page 179 m 

be the pole strength of ‘t)ie short 
magnetic 'needle placed ‘at the 
Miitre'of the coll the force on 
‘ Fig. 146 each pole is Gisa. Let ns suppose 

that the current passes through the coil for a very short time 
T so that the " needle' does ’ not rotate appreeiablv ht/on tfie 
current eeaies to eaht. ' The force Gtm on each pole”^ is there- 
fore of the nature of an impulsive force and its action is to 
give a sort of blow on each pole. ’ 

' The ioTct'Gitr. acting On each pole' for an' infinitesimally 



short ■ time dt produces *an impulse Gimdt. Hence the total 

f ' '/"T ^ ' / > ' . ‘ ^ i 

impulse in time T is /. Gim^dt. .Bat / is the totel 

' ' 'I ' 0 ‘ ' * f T * .’0 ^ ^ 


’’ •“ Ifneceiiary, the deinplBg* may her farther Inprea*^ by othw 
methods, snch,aB attaching small .vsnes to the coU and farther oy 
immersing these in oil. ‘ 

• * A tangent galvanometer described in , Art 84 It^e.nspentea 
flwgatt type galvanometer. 
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charge Q whicTi flows through the' coil in the short time T. 
Thus the total impulse produced on each pole is 
-T /-T 


/ 


Gf»n dt*“ Gm 


/ 


tdt-GmQ 


0 O', 

la linear motion Impnlee—massXrelocUy, 

In rotatory motion "Moment of the impulse , 

— moment of mertiaxangnUr velocity 
Again, in linear motion Kinetic energy- J x masex (velocity)* 

In rotatory motion Kinetic energy 

-Jxmoment of inert’a x (angular velocity)* 

Let 21 be the length of the needle. The impulse on the two 
poles being in opposite directions the moment of the impulse 
is GmQ X 21- GMQ where M is the magnetic moment of the 
needle. Due to this the needle begins^ to rotate with an 
angular Telocity to. 

' Hence ,. GMQ— Iw ... ' ... (o) 

where I is the moment of inertia of the needle. 

When the ' needle starts rotating its kinetic energy 
is iltfi*. As it rotates it is acted 
on by a controlling couple due to 
Earth's Horizontal component. pi~ 

Thus on each pole of the magnet / j ^ 

AB a force mH acts. As the needle 
rotates the couple due to mH tends 
to bring the needle . back to the 
original position CD. The needle 
stops momentarily at the extreme 
position when the work done. mH 
against the couple is equal to i Iw* , 

Ju thi* coancelfoD llie molicn of the 
pendulum may be cocsidcred, tVhen the 
bob passes through the central position 
it baa aome hinetic energy. Thereafter 
as the pendulum passes to the extreme 
position the pendnlom bob rites through 
a certain height ». e. the bob docs work 
against iu weight. The bob comes to 
reit when the work done against the 
weight is equal to the kinetic energy 
in the centra! position. 


1 1 





when the needle .comes to, the extreme position AB 
70rk done against one of the ? forces mH ' (acting - dn B) is 
iH X DE "wH (OD — OE) “mil (I — I cos •“mlH (1 — cos 0) 
Hence total work done against both the forces 
•“2inin (1 - cos = (1 - cos 0) 


!:0:: 


^ (1 -,cos 5)*=2MH sin* -- 

, , a""'-" ■ 

of" Ito®'='4MH sin®' 

. vr ^ : rn; •• ^ ? ; 

j. Eliminating fo. between (fl) and (i). ,c ; < 


(b) 






■ • -1* ■ ■’-’4MH r: -'0 

^ sin* y 


I ^ 4H 
M* G® , 


0 




(c) 


Eurther if. damping .be, small , the needle oscillates a number 
f times before coming to rest. ,. The period of this oscillation, 
; given by ... .. v. , .. 




or 


■ MH 


fence from :(c) „ Q 


T'=’27r 

-MH 

T ■iRT.®'’ 

M 

.1 Ht®'4ri' . , . 

- -j- sin,® - 


4/-T*' G= 
H®T® 

_ HT ' . ' 'i ' 

Q- .^g 


2 


-. ji'? 


t. e. 


. ..0 

Q -A sin — 


where k 


'i 1 

HT 


(41) 

(41fl) 

(41i) 


.-We. shall now consider a suspended coiKype galvanometer. 
If at any instant * be the current-through the coil the force 
n each vertical mirfl of the coil is Htl where H is the strength 


of the magnet and I is the length of the •wire. If the coil be of 
n turns the force on each vertical arm of the coil is nHtl. Let 
us now suppose that the current passes through the coil for a 
very short time T so that the eotl does not rotate appreciaily 
before the current ceases to exist. Hence the force nB.tl is of 
the nature of an impulsive force. The impulse produced by 

this force isJ''^n'B.tldt‘=n'B.l where Q is the 


0 0 

r 

charge which flows through the coil in time T. If b be the 
length of the horizontal arm of the coil the moment of the 
impulse is nHlQ x b=n AHQ "where A is the area of the coil. 
Hence if w be the angular velocity with which the coil begins 
to rotate, W’e have nAHQ“=l£»> ... (d) 

where I is the moment of inertia of the coil. 

When the coil starts rotating its kinetic energy is As 

the coil rotates the suspension fibre gets twisted- Work is 
therefore done against the restoring couple produced by 
twisting. Lot be the coefficient of torsion (t. e. the restoring 
couple produced by a unit twist). At any instant if the angle 
of the twist is ^ the restoring couple is For~an aditional 
twisting d‘f> of the wire work done is p'f’d^. Hence if P be the 

■0 


maximum deflection the total work done 
Hence •• or - 3tu* »» ^6* 

4 V 

Eliminating cj between (d) and («). 

IW _ 1*^ 






ie) 




F0J. 

1 


/lie* 

' n*A*H* 


W 


Again, if damping be small the coil oscillates a number of 
times before it finally comes to rest. The period of this 
oscillation is given by 
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Dividiag (/) by (g), thus climmating I, we have 




or 

r.. 

t. e. 


Q* 

IJ.3* 

Q* 




27rttA.H 
Qf»*^ , - 


" :> ' 


where A is a constant equal to 


(42) 
(42o) 

„ ."• 27 nAH . . 

■* * * § *-» it , t ^ f "» }•> ^ 

- sbonia he clearly understood that H 'in equation (41) and H iu 
equation'(«) are-notthe same magnetic field. .In (41)tH.,iB Earth’s 
horizontal component and in («) .H ia the 'field due to ibe ‘magnet 
between whose pole pieces the coil ia snspende'd. - ‘ ^ > 

Art. 92>- ^ : -In’. the previous article ^we have seen that 
' O^frtplng . jjj jjjj, g 3 sj» q[ g balHstie galvanometer damping 
must necessarily be quite small. . But although small damping 
can never be entirely -absent. As a.result when the coil* (or /he 
needle) oscillates the successive amplitudes, become gradually 
smaller and smaller and after si few osfcillations.the coil (or 
needle) .ultimately comes to rest.. fit,-, is .obvious that during 
the first , swing also ,to the eytreme position .damping -must 
play its part, *, e, in absence of damping the 6rst swing would 
become a 'little larger. Or. in .other .words the^deflection.O 
observed as the 'first swing is slightly smaller than what it 
would be if there were no damping -To get the corrected value 
ffo of the first deflection we proceed thus : 

Let 0, 01 , 02 , 0s,“',be the successive ,defiectioiis§ as observed 

s' w 

on both sides of the, centre! position. It is uoticedf that the 
ratio of any one deflection to the next one is a constant Thus 


• In the cnBe of a suspended coil type galvanometer it is the coil 

'which rotalec. In the caae of a. suspended ^magnet tj-pe galraaooieter 

however it is the magnetic needle whicji rotates., ^ , 

§ In the case of a suspended coil type galvanometer these deflections 
etc observed on the scale on which the beam of light is incidect after 
being reflected by the galvanometer mirror. i 

f This may also be proved theoretically. <■' ' ■> 
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Si 


dt 


6 , 


• d (a constant) 


d—^- Then log.d**^. The constant d is called 
decrement and }og<d or X is called the log decrement. ’ ' 

Thus for a half oscillation ' 




6x 

\ 


.*X 


Hence for a complete oscillation 
t, ex’" e,” '*•* ^ - 

f 

! and so on 

If 6o be the correct value ' of the first deflection vrhen 
there is no damping is therefore the ratio for a quarter 
oscillation 


Hence 


J!L 

6 


2 


— /V 

But “'■‘"2 

Since X is usually a small quantity its square and higher 
powers may be neglected, ^ ' 

X , 

^0 2 ^ *1 j ^ a 

1 ‘j 2" 


-^X* 


Thus 




Hence S in (41) and in (42) should be replaced by 
® suspended needle type galvanometer 

+ (4lc) 


^:_HT _ & 
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And for a suspended coil type galvanomeler 


Art 93 ' Ammeters and, Voltmeters . 

Ammeters and Voltmeters are .essentially galvanometers. 
Ammeters measure currents and are therefore 'u.=ed in terns 
in an electric circuit, whereas voltmeters measure E- M. F.’c 
or potential differences aud are placed in parallel between two 
points whose difference of potential . is _ to , be measured. 
Ammeters are necessarily low resntance galvanometers ; fc>r 
when used in series they musLnot alter.the strength of the 
current in the circuit. Voltmeters, on the other hand, ate 
high resistance galvanometers ; when placed in parallel they 
absorb veryiittle current and do not practically interfere with 
the: main current. 

In different types of these instruments the electric 
current passc.s through a straight wire or through a coil of 
wire ; arrangemettts are made whereby as a result of this 
current a pointer moves over a graduated scale. The wav 
how this is done differentiates ore type of in‘^trr.men' ' from 
another. 

Ammeters and voltmeters . are accordingly classified as 
follows ; — (a) Hot wire (b) Mor'ing coil (c) Moving iron. 

. Art 94 Hot srirc instrument , 


The instrument is .diagraniniatically .shown, in Fig. .,149. 
The current to be measured pa.sses through the wire .A 
stretched between two suitable blocks. The wire i.‘: usually 
made of platinum - .s'llver so that it may have a high melting 
point. A piio.sphorbronze wire F is attached at or.e end to 
some point -near the middle,. of j^the wire A, ,the other end 
being attached to an insulated block C. The wires A ana r 
are kept taut hi' 'a silk fibre B pulling F to'ont-side ; 'the i>nk 
fibre pas.ses round a pulley \V carrying the pointer P and i.s 
itself pulled by the* spring ,S. As tHe^’ire^ is heated by the 
passage of the current it expands an^ sags ; consequently the 
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wire F' also tends to sag but is kept' taut by’ tbe pull of tbc 
silk fibre due to the action of the spring S- The' pulley W 
consequently rotates and- the pointer P moves over a scale. 



By passing known currents through the 
known , potential differences between the terminals of.., the 
wire, the^ scale may, be calibrated in 'amperes or' volts, as 
desired. i , ... - ... 

Since the heating of the wire A and. hence, its expansion 
is proportional to the square of, .the current the instrument 
may be used for both A. C. and DJ C. currents the scale 
however is non-uniform, being more crowded near the .r.ero 
reading and more opened out for larger currents. ‘ 

The principal defect of this instrument, is the wandering 
of the zero reading caused by the fluctuation of the room 
temperature as a result of which the’ wit e expands differently 
at different- times ■ and ■ the, pointer raoves:evcn if .no current 
passes thfough’the instrument.- ■ - ■ 

. .Art 95 Moving coil instrument 

• . This instrument is very much analogous .in ..construction 
to a suspended coil galvanometer. An, insulated co'pper.;wirc 
is-wound round a copper or.aliiroiniuni rectangular frame. The 
frame is placed between two polopieces of a permanent: horse- 
shde magnet and is'so pivoted that it can ' rotate' bet'wee'h the 
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pole-pieces. . .The pole pieces are made;, cylindrical in shape 
■ ■'’ -^4 ®;fioft, iron cylinder , (not shown 
' ' : fj. in the diagram) is kept fixed; within 

^ / j ~~~~ the.coll, so that lines of force are 

f ]/ ^ 'everywhere : radial. The frame 

: n y'' carries a pointer : . as the frame 

rotates the pointer moves over 

; .. ! ~j ^ scale. As in the case of a 

^ ' .suspended coil type galvano- 

' > meter the . current through the 

PigJxso 9°^* wire produces a torque 

I which causes the frame to rotate. 

A spring (not shown in the diagram) controls this rotation. 
Induced current generated in the conducting frame makei^ , 
the instrument sufficiently - dead-beat.* Due to the fixed 
cylinder of soft .iron placed within the frame lines offeree 
are more concentrated. . ... '7 

The torque produced by the current is directly proportional 
to the current; the instrument can therefore be used only 
for p. C. current. ,The scale is, uniform throughout ^hc 
range and can be calibrated in amperes or volts ias derifed. 

The instrument is very little afifected by ^external 'magnetic 
effect ; the permanent hoTSe.shoe magnet if specially prepared 
retains its magnetism for a, sufficiently long time.' Moving 
coil instruments, are therefore, thc^ mort' accurate.' and most 
satisfactory for all p7 C'. measurements.' ‘ ‘ ^ 

. Art 96 . -. . .Moving iron instrument ,. 

’ In these instruments the electric current passing through;a 
fixed coil magnetises one or more soft iron. pieces, i-Due.to 
the force existing between the current and a magnetised soft 
iron or between two such soft iron pieces; one of the iron 
pieces rotates ; a' pointer attached to-tbissoftiron;consequent]y 
rotates , over a graduated scale: Two types of .ritch instru- 
ments are- in 'Use according as'the force is of ^ attraction . or 
of repulsion/'J-s' •: -- r,--.'. y.-yyyy' iyt':-U:'-} i'.T.'.r? 
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We first describe an attracted iron type instrument. The 
coll C carrying the current is fixed. 

The soft iron piece M is excentri- 
cally pivoted and being magnetised 
by the current is attracted within 
the coil. A pointer P attached to 
this soft iron M moves over a 
graduated scale. The weight of 
the soft iron generally produces 
the necessary controlling couple ; 
in some cases a spring is also 
provided for this purpose. 

If the current be not very large the magnetisation of the 
soft iron is not near the saturation* point and is in thrt case 

very nearly proportic ial to 
the current. The force of 
attraction and hence the 
deflection of the pointer is 
proportional to the product 
of the current in the coil and 
the strength of magnetism ; 
it is therefore proportional to 
the square of the current. 
The scale is therefore non- 
uniform, being more opened 
out for larger current. ' 

.Id the reptiltion type the 
coil C is cylindrical in shape. 
Parallel to the inner surface 
of the ' cylinder a curved soft 
iron Ii is fixed. This is so 
shaped that it is much broader 
Along the axis of the cylinder 
R- spindle A is pivoted, carrying another soft iron Ii much 



at one end than at the other. 



Vit’eArt 139 
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smaller in area. This iron is also curved so as to be parallel 
to the other iron Ii. Dne to the current in the coil C both 
the iron pieces are magnetised longitudinally in the same 
direction and therefore repel each other. The magnetic 
effect in Ir being much greater at the broader end the force 
of repulsion is greater in that region ; the rotating iron I* 
rotates so that it tends to face the shorter end. A pointer 
P attached to the spindle A 'rotates over a graduated scale. 
Aspring at the top’ of the spindle provides the necessary 
controlling couple. 

The force of repulsion is proportional to the product of 
the strengths of magnetism in the two iron pieces and since 
each of the latter varies directly as the current; the force 
of repulsion and hence the deflection of the < pointer is 
proportional to .the square of the current. The scale is thus 
non-uniform as before. 

Although these moving -iron instruments are not so 
accurate as moving coil instruments they are more robust in 
construction and are simple in design. They arc however 
susceptible to exernal magnetic fields ; this can be minimised 
by enclosing the instrument in an iron ca^e. They arc also 
liable to hysteresis* errors so that they read low when 
currents are increasing and high when currents arc decreas- 
ing. In modern instruments a nickel-iron alloy having 
negligible hysteresis is used instead of soft iron. 

Art 97 Ammeters can be converted into voltmeters 
and voltmeters into ammeters. The range of either of these 
instruments may also be increased by using a shunt or by 
inserting a resistance as the case may be. We shall explain 
these cases separately -with the help of problems. 

I- ' An ammeter to be converted into a voltmeter. 

Explain how an ammeter of O' 5 Amp range can be converted 
into a voltmeter reading up to 50 volts. The resistance of the 
ammeter is 2 ohms. 


* Vide Art 189. 
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A voltmeter being a high resistance galvanometer, a 
resistance R is to be inserted in scries -with the ammeter 


Pig. 153 

Full scale deflection of the ammeter is produced when a 
current of O'S amp passes through the instrument. Since the 
converted voltmeter is to read up to 50 volts, it is obvious 
that when a P. D. of 50 volts is applied between the new 
terminals A and B, a current of 0‘5 amp must pass through 
the instrument. The total resistance between A and B being 
R+2, we have 

SOLO'S {R + 2) or R + 2“]00 R-OSohm. 

II A voltmeter to be converted into an ammeter. 

Explain how a yt^limeUr rtad\ixg vp to 150 wits can be 
converted tnto an ai^rneUr of 8 Amps range. The resistance of 
the voltmeter ts 300 ohms. ' 

A voltmeter being a high resistance galvanometer a shunt 
of resistance R must be used in parallel with the instrument. 
Since the voltmeter reads 
up to 150 volts and since 
the resistance of^thc volt- 
meter is 300 ohms, maxi- 
mum current that can be I'ig- 154 

passed through the instrument is or O'S amp.^ And since 

the instrument is to be used as an-ammeter of 8 amp range 
the current through the shunt R is 8-0'6“7'6 amps. Hence 
if A and B be the terminals of the instrument, 

Va~Vb** 76R considering the shunt circuit. 

Also, VA — Ys^O'SxaoO „ voltmeter „ 
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; Hence .7-5 R -=0*5 x 300 





III. The range of an ammeter to be increased. 

Explain hm a milluammeter of 50 miUi-amp range can be 
made to read up to 6. amps. The resistance of. the milli-ammeter 
is 5 ohms. 

Here a shunt R is to be used, in parallel with the instru- 
ment.,; The. maximum current to be ,ased being 5 amps and 


mA 



Fig. 155 

the maximum current through the instrument being 50 milli- 
-nmps or 0*05 amp, the current through the shunt is 5 -0‘P6*= 
4'95 amps. Hence if A and B be the terminals , of .the 
instrument, , . . 


Va-Vb*=* 0'05 X 5 considering the milli-ammeter circuit, 
also VA-yB*=>4'95 R ,, , ,, shunt „ 

Hence 4'95 R"0'05x5 


R - 0’0505 ohm. ■ . ■ i - 

IV. The range of a voltmeter to be increased. _ : . 

Explain how a voltmeter of 5 volts range can- be made to read 
up to 500 volts. The resistance of the voltmeter it 20 ohms. 



■ ' .Fig, '166 _ 

Here a resistance R is to be used in series • with the volt- 
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meter. Since the resistance of the instrnment; is 20 ohms 
and since the original range of the instrument , is ^volts 
maximum current that can be passed through tiie lastrument 

ie A- ^ -1- amp. Hence when R is in scries with the yolt- 

meter the same current | amp must pass through the ins- 
trument when a P. D. of 500 volts is applied between the new 
terminals -A and B. Thus * . -• 2 ' 

500«=(R + 20)x4 ’ 

or R+20*=2000 ■ R ■= 1980 ohms. 

Art 98, Action of current oh entrent. 

Consider two like parallel currents* « and 
t! separated by a distance r.: • •The field due lO 

II at a distance r is "t .: [Vide (35a) Page ,178 ]. 

By Maxweirs'' corkscrew rule [ Art 80 ] tbe 
direction of the field may be easily fotind ; in ' ' ' ' 

the case shown in Fig. 1 57 it is pcrpcndiculaT 

totheplanepf the paper and is towafds the, Pig,' 157 

paper. The current is is placed in this field. Hence the force 

on the current is (per unit length of the wire) is:^^- and by 

Fleming’s Left Hand Rule this is directed towards the current 
ii, i. e. the currents ii and 'i«ttra'ct each other. If the' currente 
be unlike they mutually repel each other. ' Thus the- rnlc. is 
*%ike currents attract^ unlike cuffents repel”, _ 

In the case, of oblique cu^cnts",.the rule is I-— . ‘ 

,If .both currents flow towards or away from the apparent 
or real point of intersection they attract each, other ; if one of 
the currents flows towards and the other away from tho point 
of intersection, they repel each other. , , 

The magnitude of .the force between . two. .currents , is 
proportional.to the product ii ii ; if the same current i passes 

• Both wire* enrtyiag currenis, ore supposed tobesufiicientty long. 
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through both the wires the force is proportional to the square 
of the current ». 

, Art 99 Kelrin’s Ampere Balance. 

The principle explained in the last article has been 
utilised in Kelvin s Ampere Balance* In the instrument 


|0 

■^O 




t 


ll " 


"I 




(a) 


Fig. 158 


there are six exactly similar coils -placed in two columns— 
three in each. [Vide Fig. 158 (a)]. The two uppermost , and 
the two lowermost coils are fixed and the two middle coils 
arc held by a lever which can rotate about the fulcrum B. A 
horizontal atm AA attached to this lever carries a small 
moveable weight W, All the six coils are electrically 
connected to one another so Ihatthe same current i passes 
through all of them ( Vide Fig. 168 (i) J. Jt will be seen that 
currents in different coils are so directed that on the left hand 
. side the middle coil is repelled by the npper and attracted 
towards the lower coil ; it therefore tends to come down. In 
a similar way on the right hand side the middle coil tends to 
go np. The lever carrying the middle coils therefore tends 
to rotate about B in the anti-clockwise direction. This may 
be prevented by suitably adjusting the position of the 
moveable weight W. Known currents are first passed through 
the instument and corresponding positions of W along the 
arm AA are noted. Afterwards any unknown current may be 
determined by noting the corresponding position of W. 

In this instrument the force between two coils is 
proportional to the square of the entrent and is therefore 
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ndepeudent of the direction of the current ; hence alternating 
currents may also he measured by this apparatus. 

Art 100 Wattmeter. 

Jf a current passes through a circuit or an instrument some 
power is usually absorbed. A system in which power is 
absorbed is technically known as a load. A wattmeter 
measures the power absorbed by a load. It essentially consists 
of two coils of wire — a low resistance coil used in series with 
the load and a high resistance coil placed in parallel with the 
load. The former is known as the current coil and the latter 
as the pressure coil. The current coil is usually fixed and 
produces a field proportional to the current. The pressure 
coil — which is moveable — is placed in this field. Hence for 
any given positions of the two coils the couple at any instant 
acting on the moveable coil is proportional to the product of 
the P. D. and the current at that instant, t. e proportional to 
the instantaucous power. If the power fluctuates as in 
alternating current circuits, the mean couple acting on tbe 
moveable coil is proportional to the mean power. 

Sietnen’s Electro-dynamometer may be used both as an 
ammeter and also as a wattmeter. Two vertical coils AA' 
and BB' are’ situated at right angles to each other. The coil 
AA' is fixed ; but the coil BB' 

{ whose terminals are dipped 
into two mercury cups ) can 
rotate about the common 
vertical axis. This rotation is 
controlled by the spring S' 
attached to a torsion head at 
the top. If the coils arc iu 
series as in Fig. 159 (o), the 
instrument is used as an 
ammeter. It will be seen that 
when the current » passes 
through the two coils the arm B of the moveable coil is 
attracted by the arm A and repelled by the arm A' of the 
fixed coil 5 the arm B is similarly attracted by A and repelled 
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by A. The coil BB' accordingly rotates in the clockwise 
direction. It is again brought back to its initial position by 
rotating the torsion head at the top. The amount of 'torsion, 
t. fl. the angle 0 through which the torsion head is rotated is 
measured by .the pointer P rotating over a graduated circular 
scale. The forces of attraction and of repulsioji between the 
arms and therefore the couple tending to produce rotation is 
proportional to t®. Hence when the coil is finally brought 
back to the initial position 

,*c*0 or 

The constant k may be determined by observing 0 for a 
known current. 

If the instrument is to be used as a wattmeter — say, for 
measuring the power absorbed by an electric bulb Q the low 
resistance coil AA' is, connected in scries and the high 
resistance coil BB' in parallel with the bulb Q [ Vide Fig. 159 
(6)].^ If t.be the current through the bulb and E the P. D. 
between the terminals of the bulb the current through AA' is 

E 

t and that through BB' is ^ where R is the resistance of BB'. 

K. 

f * t 

Hence the couple tending to produce rotation of the coil BB 

Ef ^ ^ 

is proportional to As before if d be the torsion necessary 

•• \ 

Et 

to bring back the coil to the initial position ^ Thus 


power (=E0 TovjtT—h9 

The constant k may bd determined by observing 9 when a 
known power is used. 

Art 101 instrument described above is known 

Energy mote indicating wattmeter, i. e. it indicates the 

watt or the rots at which energy is supplied. 


In house supply meters the instrument -must not only 
indicate the power or the rate of supply of energy but must 
also take into account tbe length of time for which energy is 
supplied. Such meters are therefore known as energy meters. 
These energy meters are again of two kinds ; where the 
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supply voltage is maintained constant — as is nsnally the case 
in the town supply — it is enough if only the current is 
measured. The current in amperes when multiplied by the 
number of hours for which the energy is supplied to a circuit 
gives us the number of ampere-hours. The number of watt- 
hours supplied to such a circuit is obtained by multiplying 
these ampere-hours by the constant voltage applied. Thus 
the amount of energy is simply the current in amperes 
multiplied by a constant varying with time. Such an 
instrument is called , an ampere-hour meter. Where the 
variation of the supply voltage is also taken into account the 
instrument is known as an watt-honr meter. ' 

Meters of the “motor” type are most generally used in 
actual practice. These iheters -may used ,with direct 
current as well as with alternating rarrent. 'Tn an indicating 
instrument the moving system comes to rest after rotating 
through a fraction of a revolution r but in this class of 
instruments the enrrent passes through an electric motor and 
the moving system rotates -continuously. The speed of 
revolution is obviously, proportional to the current passing 
through the motor. It follows therefore that the number of 
revolutions made by the revolving system in any given time 
is proportional to the quantity oF electricity supplied in that 
time and heiicc — if the supply voltage is • constant — to the 
energy supplied. 'The number of revolutions is recorded by a 
counting mechanism consisting of a train of wheels to which* 
the spindle of the rotating system is geared. The registering 
dials arc calibrated in Kilowatt hours so that the energy 
supplied can be directly read off. Usually a copper or an 
aluminium disc rotates along with the- inotor. 'Curfent 
induced in this disc by a permanent magnet controls the 'speed 
of revolution, the system attaining a steady speed when the' 
retarding torque by these induced currents, balances the 
driving torque produced by the supply current. 

One of the commonest forms of house supply meters is 
Fe^enti's mercury meter. A thin amalcnmated copper disc 
C IS mounted at its centre on jewelled cup bearings inside a 
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shallow circulai- b'b'x B of -some non-cbildacting matenal.'- Twor 
magnets— one' for driving pnrpose and-tKe otber for brakingj 
are fiie'd with their poles, one above and'the other below the; 
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circular box,; The :space^ inside, the : box iis, filled,„with : 
mercury .’-The current is Jed into- the „bpx,; through mercun'. 
at some-:. point .on the .right it, .then, flows, Tadially..t<).,thc,. 
cehtre 




aJongthe.spindle on. whjch .tlae.discis, jnpupt^d./ 
magnet o.n* the^.right, a .torque.4s;,pToduced ,..on;,the .radial, 
current' as, -a 'result -pfrwhich the. disc, r.otates,in the^irspb?^ > 
as -indicatcd\;by; the .arrow. ,,By. ,the,jrotation. the disc cuts ^ 
throughj;' the- -field, of , the. magnet. on ^the Jeftj induced ppircnt - 
thus'-generated/controls .tbe.speed ,of 'Xoiatipn of^jthe disc.,. 
The upper part., »of the spindle,;(rotating with the, disc). has. a .. 

worm cut in it, ;wher|eby. -.the . gear, wheels,, of, the recordibg„. 

dials . are engaged. f -This instrument 4.s . obviously - a B. C.. 
ampere •; hour meter. jr when, ;; working, on a .. fixed ..voltage,, .it 
indicates -KiJowatt-hpurs^pn the dials.,, ... , , ; r. 
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Exercise XI ' " 

1. A mirror galvaoomoter of resistanoe SOOobms is shnntecl 
b; % wire of 2 obms rosistanoe : it is then oonneoted . through 
a resistance of 1000 ohms to the terminals of a cell of negli- 
gible resistanoe and of . E. M. F- 2 Tolts. If the _ deflection be, 
20 oms on a scale at a distance of.l20pms from the galvano- 
meter find the figure of merit of the galvanometer. 

Ans. , 11*86 X 10"^ amp per mm deflection. 

2. , A galvanometer of , resistance 6 is connected to the' 

terminals , of a battery ^of internal resistance ,R. On, shunting 
the galvanometer with a resistance 8 it is fonnd' that the 
galvanometer.onrrent Is halved,, while the, ^battery, current ia 
doubled. , Provo, that G "2R*=*,3S. , _ , ,, 

3. Ion are given a milli.voltmeter.pf range. 1 to 30 milli- 
volts and of internal resistance 25 ohms. Show by diagrams, 
bow yon will use the instrument to measure (a) potentiair 

' '1 ’ ; f o ,) 

between. 1 to .30 .volts , and (6), onrrentn. between O’l and 3 
amperes. Ans. (a) 24975 ohms in series (6) O'Ol ohm in parallel.' 

4. A moving coil galvanometer has a resistanoe of 10 obms 
and gives a fall scale deflection' when the current through it 
is one milii-ampere. 'What will yon do to convert it into an 
ammeter reading np to ten'ameres ? - 

■' Afas. 0*001 ohm in jjaralJel 
' ' 6. A certain ammeter has a' resistance of one ohm.- and the- 
full scale deflection ’ is 'obtained .when a' current of O’OS ampere 
floWs'throngb it. ■ Findewhat shunt -mnst ibe ,oonneoted;with it 
in order that the ammeter msy'read:np to 10 ampetes. . 

■, ..0 >; ,.An8_.- .0*005 ,ohmi. 

G. A portable galvanometer whose - needle ■ deflects 6 scale 
divisions per milliifimpe'ro,, ‘is,- to be used as an ammeter. Its 
resistanco'is 233 oKms: ' What should bo the; resistance- of the 
shunt in -'order- that the' needle may -deflect 10 di’HsiObs 'per 
ampers ? C. U. 1949. Ana. 0:477 :obm. 

‘ ' 7. ' ^w6 reiistshces l5b and '250 ohms are in series an'dTare 
oonneoted to a source of E. M.' F. 200 Volfs. A high- reiistance 
voUmetIr is cobneeted in 'tnrn 'across each of the resistances." 
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"What are the readings? How are the readings altered if the 
yoltmete/r be of r^istanoe 200 ohms only ? . 

^ Ana.' 75'Tolt8 ; 125 Volts';' 6r07 volts'; BS'l'l volts 

' 8. ' Pnll sdale' deflection ‘ is prbdnoed‘ when a cnrrent 'of O'!' 
amp is passed through' a certain'’ galyanbnietef of ’ resiatanee 
26 ohms. 'How can the galvanometer he used as (a)' an ammeter J 
reading up'to lO amps' (6) a'voltmeter messuring 'potentials up^ 
to 10 volts. V. 

Ansr " (d) 0*263 ohm' in parsller^Cd) 75 ohms in series. 
" '9.' ' A miili'atnmeter of resistance 20"ohm5'feadsVip"to 0'05 
amp? Explain how "'the instrument' can he 'tiBed tb'meaWufe 
(d) current's up to '6 amps (6) Voltages u^ to 60' volts?' - • 
jins'; '(dVO'202 ohm in 'parallel' {6)'98d bbrnsin'series.'^ 
,10. The scale of a voltmeter ( ’resistance SO^ohinsV 'is gradua? 
ted from '0 to 5 volts?' Show how tbie voltndeter ban he '‘adapted 
for use as (a) a voltmeter' of range' 500 'volts ’(i) 'ari'^ arbfn^eter- 
reading up^to'S amps. " ‘ 

' Ads. (d) 4950 bhmsln series' (6) i’02 ohm In^pEfallbK'^ 

; it.: <: '.A ; .-.•’.A 


\.o v; 




r/,.- jiO!'.'- 

C. U.,.QiieslIons..,, 


;j:': 


i'lp . ' 


'..iTU' r, 

1964. Describe a moving'’ coil galvanometer, and sho.Wihow 
a buirent ’is measured with it. . 

" A' v'dltm'eter Veads 50'volts when oonnedted' across, an 
' uhfeb'dwh'' potential differenbe. ;■ A;h000 'ohm ;reElBtorV8;.tben 
' inBert'ed-iti'‘'BerieB with the meter " adrossAthe ..same -potentisf 
difference Bfid' the 'reading drops down to *33:3/. volts. T.'Eiod; the, 
resistance of the' voltmeter and the value of the' current through 


theVoltmeter-when'. it reads 50 volts; .AdJ -';; 't 
/ u .. .v--.'.- c- #■ -r;An'8..10iOOO ohmB ; 0:005 amp; 

.-.,■=19.65.- -'What: is the difference, between, an ammeter and-, a., 
voltmeter ? , a DIboubs .their -rconstmotlonal details . with the^help . 
of diagrams. ?.■; Cl’.T;' ..■? j-j : 

V i.:Explain how &v voltmeter of lO.yolts pangepan be niade to 
read up to 600 .volts, the '-.resletance of::the voltmeter tiMing. 50.0, 
ohms/. '-,: -ij.. A ; . -o- v7Un8,j24,5p9pbin8 inpe^?: 
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1965 DcBcribe the oonsfcrnotion of a moving coil galvano- 
meter and *how how a current can be measured by it. . . ‘ 

The moving coil of a galvanometer has, 60 turns, .a width of 
2 oms and a length of 3 oms. It hangs^ in • ainniform radial 
magnetio held of 500 0. Q. 8. units. Find the . current in miliii 
amps when tbs oontrolling oonple due to twist in the snspension 
is 18 dynS'Omi. Ans. 1 mtlli-amp 

1965 Desoribe the constrnotion of a Ballistic galvanometer 
of suspended coil type. 

Establish an expression for the quantity of charge flowing 
through the coil. 

Explain the measurement of the capacity of a condenser 
with it. 

1966 Desoribe a moving coil pivoted type of ammeter 
with a neat diagram. How does it differ from a voltmeter ? 

An ammeter of resistance 15 ohms gives a full scale deflec- 
tion when 5 amps of current passes through it. Oslcnlate the 
value of the Shunt necessary to convert it into a meter reading 
up to 10 amps. Ans. 15 ohms. 

1966, -1971, 1974. Write notes on “Barlow's wheel.’' 

1967, Find the force per unit length of a current carrying ' 
conductor placed in a uniform magnetio field. Hence find the 
couple acting on a rectangular coil placed in a uniform magnetic 
field. Desoribe the construction and mode of action of a 
suspended coil galvanometer. 

1967, 1969. Write notes on “Ballistic galvanometer." 

1968. Write notes on “Moving coil voltmeter". 

1970. Explain with diagram the construction and action of a 
suspended coil D’Arsonval type of galvanometer.. What are the points 
of difference between a ballistic and a dead-beat type of galvano- 
meter ? Write down the working formula of a ballistic galvanometer 
explaining the symbols used. 

1971. Explain the construction and working principle of a 
Wattmeter 

1973. Explain the construction and working principle of a 
meter for recording the consumption of electrical energy. 
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1973, 1976. Explain the construction and action of a sus- 
pended coil type galvanometer. What are, the factors on which 
its sensitiveness depends? Explain how this instrument may 
be converted into the following two instruments: (a) Ammeter 
and (fi) Voltmeter. 



CHAPTER Xn 

ELECTRIC MEAStJREMENT 

MeasuremcDt of Resistance 


. Art 102 Measurement of a resistance depends on the 
principle of Wheatstone's net. The complete theory^ of 
Wheatstone’s net based on Kirchoff's Laws, has already been 
given in Art 72. A more elementary theory is given below.' 


Four resistances P. Q, S, R are 
connected in the form of a 
quadrilateral ABGD ; the galvano- 

r j 

meter and the battery arc placed 
along the two diagonals. The 
resistances are so adjusted that ^ 
no current, flows through the 
galvanometer. Then the current 
<1 through AB is the same as that 
through B6 and the current i* 
through AD is the same as that 
through DC. 


B 



Then potential difference 
Va-Vb“Pm 

and 

Ve - Vc“Qjj 

r - t 

. . Va-Ve 

by division . • 

VB “ \ C 


Va- Vd- 
Vd-Vc* 


Fig. 161 

- Rii '' 

'Sm 


P , Va-Vd R 
rr and — rr ,' — ~- 

Q Vd-Vc S 


And since there is no current through the galvanometer, 
Vb •• Vd 


P R 
Q ° S - 


(43) 


If three of these four resistances be know'n the fourth can be 
easily determined. 
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Art 103 The Metre Bridge (or Wheatstone's Bridge) is 
an application of the above principle. It essentially consists 
of a uniform wire ( usually made of german silver or 
constantan } one metre long, attached to two copper strips at 
the two ends. Another copper / i -:.; 


strip is placed on the same 
wooden board, so that there 
are two gaps amohg-the' thiee'> 
copper strips. A jockey slides 
along the metre wire and a 



knife edge, attached to the , Fig. 162 

jockey may be made tp,contact the wire at any desired -point. 
The wire is stretched along a metre scale so that the point of 
contact may be determined readily. Two resistances P and 
Q, one. known and the other unknown are placed in the two 
gaps^ftbe galvanometer .and the' battery are cohnecfcd' as 
shown in the 6Vu re'. The position* of the 'jockey is adjusted 
until on its;coming in contact Vi^ii.tlie. wife no current flows 
through thc.galvanometer. The two resistances P, Q and the 
two portions of the'm’etre wire on the, two sides of the jockey, 
form, the four armst of the Wheatstone's net.,,. Hence if i bc- 
the "hull point' reading and' if d be the resistance per unit 
lengtli of the wire we ibave , ' 


P, la l_ 

■q “ (lOO-f)ff "lOO-i 



Hence, of the two resistances P. and Q; one being - Jfflown 
the other can be found out. 

Art 104 There are several sources of error which must 
be avoided in cariying out. the above eiperira'eht i-r-. . 

(1) There are usually theino currentsi in the circuit. These 

• EeslstanceB of copper strips and of connecting wires arc neglected. 

,t.If different junctions are at different temperatures small currents 

known as therrao-enrrento flow 'throngh different branches of the 
circuit, A fuller, account of these currents will be given in Cha^ ^IV. , 
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tend to deflect the null point towards one side and thus create 
an error. This is avoided by psing a commn- 
Thermo-currcni fjjtoj. Jn the battery circuit. By the commutator 
the battery current is reversed ; but thermo- 
currents persisting in the same direction as before, the null 
point is now shifted to the other side of the correct reading. 
Null point readings are therefore taken both when the current 
is direct and also when it is reversed by the commutator,. The 
mean of these two readings gives us the correct reading. 

(2) There is usually an arrow mark _on 
Non-coincidence the jockey. The position of this arrow mark 
oEsinst the scale is taken ns the position of the 
point noil point. It may be that the actual null 
point t, «. the point at which the knife edge of 
the jockey touches the wire, may be slightly different from 
that indicated by the arrow mark. To avoid this error P and 
Q are interchanged and a second set of readings is taken. The 
unknown resistance is calculated from each of the two sets 
and the mean of the two results is the . correct value of the 
unknown resistance. 

(8) There is usually some resistance at 
rTcti^*^ the two ends of the bridge wire. This is 
mainly due to soldering by which the wife 
is joined to the copper strips. These are known as end- 
errors. The bridge wire is also seldom exactl]/ 100 ems ; it 
is either slightly longer or slightly shorter. This also 
produces what are called end-errors. These end-errors are 
actually calculated in terms of resistances of so many 
centimeters of the bridge wire. For this purpose two knows 
resistances P and Q are used in the two gaps. If the errors 
at the two ends are equal to the resistances of a ems and /3 
ems of the bridge wire, we have 

(1) When P and Q are in left and right gaps respectively 
»nd h is the null roint, i - 

JP Ii-fg 

Q "lOO-b + iS **' > (®) 
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and (2). when P and Q areVinter changed and is the , null, 
point, , - 


Q U+ci ' ' ' 
P “ lOO-h+yS. 



m 


The quantities involved in equations '(o)‘ and (6) are all 
known ' excepting a and /3 ; o and ^ can therefore he 
calculated. These values can ■ afterwards be ' utilised in 
detCTmining any unknown resistance. • - 

(4) The bridge wife" may not be uniform 
NeirMinlformlty cross section throughout its length so that 
. of tin wire .^jjg fatib' bf the fesikances ‘ of /,the ; two 
• - 'portions of the wife-oc both sides of the null 

point, is hot equal to the ratio 'of the corresponding lengths. 
This can be remedied only by- calibrating the wire, i. e. by 
dividing the whole • wire into a large nu'mber of elementary 
lengths and by measuring the fesiStanees of each of- 'theise' 
elementary lengths ; in this way the resistances of the two 
portions of the wire on the two sides of the jockey can be 
determined and their ratio can be found out. ' 


Art 105 The Post OflJee Box is a more compact form of 
Wheatstone’s Bridge. It essentially consists of a number of 
coils arranged so as to. form the three arms of a 'Wheatstone's 
net! 'The unknown resistance. JR. forms the, fourth arm- . 



There are two keys onc -.of which is placed I'in.fbe battery 
circuit and the other in the galvanometer,- circuit. The first 
two arms AB and BC are known as ratio arms ; each of them 
consists of three resistance coils of ^10, .100 and 1000 ohms. 
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Tbe third arm CD consists of a number of resistances*, so 
that any whole number of ohms from 1 up to 10,000 is 
available. In using the instrument at -first the ratio 10 : 10 
is used in the ratio arms : it is then changed to 10 : 100 and 
finally to 10 : 1000. The resistance in the third arm is also 
suitably adjusted until the galvanometcr shows no deflection. 
The unknown resistance can then be easily calculated by (43). 

I 

Art 106 Measurement of low resistance. 

The claesificatlon of resistances into three groups— high, low and 
ordinary, is rather arbitrary. There is no definite boundary line between 
any two of these different groups. Generally ^speaking, resistances 
under one ohm are called lowr those between 1 ohm and 1,C00 ohms are 
termed ordinary and those above 1,000 ohms are considered as high. 

In the usual method of measuring resistances by a 
Wheatstone’s Bridge or by a Post OflBcc Box, we neglect the 
resistances of copper strips and of connecting 'wires. “So long 
as the resistance to be measured is fairly large (». a. over one 
ohm) this is justified. But this is hardly proper when we come 
to the measurement of low resistances. The ordinary method 
therefore fails in this case. ^ 

The simplest arrangement by which a low resistance 
can be measured with sufficient accuracy, is by Mathiessen 
and Hopkinson's method. . . - , 

Two low resistances n and r» — one known and the other 
unknown — are placed in the two gaps of a Wheatstone’s 
Bridge. The two terminals of a battery are connected to the 
two end copper strips (as in ordinary method). A commutator 
to revcTbc tbe current and a resistance to diminish the 
strength of the current are usually inserted in the battery 
circuit. One terminal of the gal-vanometer is as usual connec- 
ted to tbe jockey but the other terminal is connected successi- 
vely to the four terminals^ A, B, C, D of the two low resis- 
tances. This may conveniently be done with the help of a 
four w ay key as shown in the figure. 

V 

• All resigUnces In the Post Office Pox are wound non-indnctively 
Vide Art U9, Note (2) 
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The : current from the battery on entering the bridge 
divides itself in two parts— one part n .flows through the 
low resistances and the other part ie flows .through the bridge 



. Fig, 164 -■ r " 

wire. If a, b, c, d be the null points on the bridge wire when 
the galvanometer .terminal is successively connected to A, B, 
C and D, we have 

VA-.Va Vb“.V 6 Vc«Vcand VD-Vd ,, 
or Va- Vb'=’ V o “ Vt , iin •=• iViff, 

^and Vc-Vc-Ve-Vd iirz-itUa ^ 

where Ii and Za are 'the lengths a6 and ed and ffis the 
resistance per unit length of the bridge wire. ' ■ - ' 

by division* ^ f 


Art 107 ' ' High resistance' 

It can be proved that Wheatstone‘s net arrangement is 
most sensitive when resistances in the four arms ate of the 
same order. If two of them be unusually large' the arrange- 
ment becomes insensitive. The ordinary method therefore 
fails in the case of measurement of a high resistance. 

? , !> -» f ' 

We shall here consider the simplest method 
for measuring a high resistance- 

Two high resistances.^ R and X (one of 
them — say, X is unknown) are successively 


Method 

of 

substitu- 

tion 
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joined in scries rrith a battery and a galvanometer. This is 
conveniently done vfith the help of ,a two .way key, as shown 

in Fig. 165. The current 
.can be- reversed by a 
Pohl's commutator. The 
shunt resikahee S (used 
in parallel' ’ with the 
galvanometer G ) is in 
each case adjusted so that 
the deflection is • within 
the scale of the gnlvanO" 
meter. Let Si be the 

I ‘ ‘ , f " I 

shunt resistance corres- 
ponding to jR. Then 
the galvanometer and 
the shunt are together 
equivalent to a resistance 

~ resis- 

tance in the battery 
circuit being thus equal i 

to 'R + the current. 

' from the battery 



R + 


the current through the galvanometer 


GSi 
G + Si 


E 


ESi 


R + 


GSi 


J_Si_' . 

G+Si R(G + Si) + GSi 


G + Si 

If this current produces a deflection 

ESi • 


we have 


hOi 


R(G + Si) + GSi 
Similarly if Si be the shunt resistance 
to X and if be the corresponding deflection 


.. ... (a) 

correspondiok 
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\ 


E S2 . 

X(G + S2) + GS* 


by division, 


Si X(G + S*) + GS2 
sV RCG + Si) + GSi 



ib) 

^ (c) 

{ 


Hence the unknown resistance X can be determined. 

N. B. Si and S 2 should be so adjusted that ^i and 6t are 
nearly equal ; otherwise strictly speaking, the constant k will 
not have the same value in both cases. 

- 1 

Art 108 Galvanometer Resistance , 

The resistance of a galvanometer can best be obtained by 
clamping the galvanometer coil and by measuring its resis- 
tance by any ordinary method. But this requires the use of 
another galvanometer. 

* ^ * It 

We shall discuss here two methods in which the use of the 

t 

second galvanometer is avoided. 


1st Method HALF-DEFLECTION METHOD 

> 

Connections are made as shown in the figure. P and Q 
are two resistance boices ; r is a iof 
resistance. The current can be reversed 
by a Pohl's commutator. Keeping P 
equal to zero Q is at first adjusted until 
the" deflection ^ is within the scale. 
Resistances r and Q complete the battery 
circuit. Neglecting r in comparison to 

E 

Q the current from the battery “"q 

Potential difference between the 
Er 



terminals of r “ 


Q ‘ 


Hence the current through ‘the 
galvanometer 
Er 
QG 

Next without changing Q any more 


•kO 


(a) 
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P is adjusted until the deflection becomes half of what it was 

i 

before. 


the current through 
_Er___ 

"q'P + G)’ 


the galvanometer 



Hence, by division 


L±G„2 or P + G«2G Z. P“G. 

G 

Thus the resistance in P box is the same as the galvano* 


meter resistance. 

2nd Method THOMSON'S METHOD 


In this method the 
galvanometer is placed in the 
fourth arm of a Wheatstone's 
■net arrangement. A steady 
current passes through the 
galvanometer so that there is 
always a deflection. Resis- 
tances P, Q, R are adjusted 
until on pressing the key’K 
( placed along one of the 'Fig. 167 ^ 

diagonals ) there is no change 'in the deflection. In that case 
the terminals of the key are at the same potential 'and the 

PR/- - ■ " 1 / . ' 

usual relation — » -yr iiolds good. 

Q G 

Art 109 Battery Resistance 

MANGE'S METHOD 




Fig. 168 


The battery is placed in one 
arm of a Wheatstone's net 
arrangement. • A galvanometer and 
a key ere placed in the two diago- 
nal arms. As in the case of Thom- 
son's method (of measuring the 
galvanometer resistance), a steady 
current passes through the galvano- 
meter so that there is always a 
steady deflection. The resistances 



SS2 

P, Q, R in the three arms are adjusted until on pressing the 
key there is no change in the deflection of the galvanometer. 
In this case if B be the internal resistance of the battery 

JL ‘ 

Q "d ' 

N. B. In all methoda hitherto described what is actually deter- 
mined is the ratio of the nnknown resistance to a known one ; in order 
to determine an nntnown resistance, we therefore always require a 
known resistance. The absolute determination of a resistance, », e, 
determination of an unknown resistance independent of any other 
known resistance, is rather difficult ; this has been the subject matter 
of research work by Rayleigh, Lorenlz ,and others. A fnll .description 
of their experiments is beyond the scope of this book. 

Art 110 Effect of temperature on resistance ^ 

The resistance of all melnllic wires increases with tempe- 
rature. ' To a first approximation the relation may be 
expressed asRr = Ro (l + ai) where Ro is the resistance of 
the wire at O^C, Re the resistance at t°C and tr is a constant 
for the material of the wire. This constant is known as the 

J 

temperature coefljcicnt >of the material, of the wire. This 
provides Us with an efficient method of determining any nn* 
known temperature. For, if we measure Ro and Re auyunknov/n 
temperature t can then be determined from the above relation, 
provided o is known. Platinum is the material usually 
chosen for this purpose. In order to have a-Jiigh degree of 
accuracy it is necessary to modify the ordinary arrangement 
for measuring a resistance ! for in the ordinary method the 
resistances of the connecting leads* cannot be eliminated and 
an error is therefore introduced. 

The platinum wire is wound non-inductively § on a mica 
frame and is enclosed in a grass or silica tube. 

Platinum Two copper rods connected outside to two 

Thermometer fairly long copper wires are attached to the 

two terminals of the platinum wire ; these 

* The wires which lead the current 'from and to the platinum wire 
are known as connecting leadsi t,e, they are the wires which conuect the 
platinum wire to the mtaauring apparatus. 

§ Vide Art 149 Note (2). 
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connecting leads axe known as platinum leads. Two other 
exactly similar copper rods connected outside to equally long 
copper wires, are also inserted within the tnhe but the free 
ends of these copper rods arc soldered together ; these ara 
known as compensating leads. This entire combination is 
what we call a platinum resistance thermometer. Obviously if 



C be the resistance’ of the compensating leads the rcsistanca 
of the platinum leads together with the platinum wire, is P + C 
where P Is the resistance of the platinum wire itself. Connec- 
tions are made with a Post Office Box and a Wheatstone’s 
bridge as shown in Fig. 169. This arrangement is known as 
Callendnr and Griffith's Bridge. Resistances each equal to 10 

Callendar inserted in the ratio arms of tha 

It Griffith** Post Office Box. If R be the resistance in the 
Bridge if f he the null point reading on 

the bridge wire we have R + C+lv-p+c + iKiO-f)^, where <r 
is the resistance per unit length of the bridge wire. 

P“R-{100--21)v. If V Be known P may be 
determined. 
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The relation Pj -Po (1 +'ai) is however ohly approximate ; 
hence the temperature obtained from this relation is not quite 
correct. We call it platinum temperature and designate it by 
fp. Thus we write P<**Po (J + 0 ^ 11 ) The platinum thermometer 
is successively placed in melting ice and in' steam under 
atmospheric pressure. The corresponding resistances Po at 
0®C and Pioo at 100‘C are measured. If Pt be the resistance 
when the thermometer is placed in contact with any unknown 
temperature t, we have 


Pjoo""Po (1+ lOOfl) or Pioo “Po^Po. 100a 


and Pi -Po( I +atp) 

i 

^by division 


or Pt -Po-Po. oi;, 

tp _ Pt- pQ 
100“Ploi>-Po 


Thus the platinum temperature tp may be obtained. The 
relation between platinum temperature tp and the correct 

temperature t is given by t~tp=8 where 8 is a 

constant* equal to rs for pure platinum. Hence the correct 
temperature I may be calculated. 


A platinum thermometer has a wide range ; it can be 
satisfactorily used for measuring a temperature within the 
range of about - 200'0 to 1200*0. 

In research work it is necessary that standard resistances 
are' constructed of substances which do not change their 
resistance with temperature. After many trials an alloy 
manganin’ (84% Cu, 4% Ni. 12% Mn) has been prepared, 
whose resistance may be taken as constant over a wide range 
of temperature. . , , ' ’ ’ ' 

It may be noted that unlike metals resistances of carbon 
filaments and also of electroIytic'^ substances decrease with the 
rise of temperature. 


• Thia constant itself may be determined by measuring the retlat' 

tance when the platinum thermometer ia in contact with another fixed 
known temperatarc—uanally boiling point of aulpbur. 
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Art 111 Effect of Magnetic field on resisttnce. 

Bismuth is the only metal whose resistance is affected by 
8 magnetic field. Its resistance increases with the strength 
of the magnetic field in which it is placed. 
Bismuth spiral A fairly long bismuth wire is wound in the 
form of a spiral so that the total area covered 
by the wire is small. The bismuth spiral is first placed 
successively in a number of magnetic fields of known 
strengths and the corresponding resistances of the spiral 
are measured ; a calibration curve showing the relation 
between the magnetic field and the resistance i^ thus obtained. 
Any unknown magnetic field can then be determined by 
measuring the corresponding resistance of the spiral placed 
in the magnetic field. - 


Salenlum cell 


Art 212 Effect of light on resistance. 

Selenium and a few crystals have got this property that 
in darkness their resistance is enormous but as soon aa light 
is incident on them their resistance diminishes 
considerably, depending upon the intenaity 
of the incident light. This property is most prominent in 
the case of selenium and has given rise to what we call a 
selenium 'cell'. It consists 
of two long metallic wires 
coiled and wound in 
such a way that they 
do not touch each other. 

Selenium — its gray 
modification variety — is 
fused between them. 

Thus if two ends of the 




41 — (> 




Vig. 170 

wires be connected to the two terminals of a battery the 
circuit is completed through selenium. So long as this 
selenium ‘cell’ ia covered up and " ia-' in darkness 
citble current flows round teifenit due to 
resistance of s«leniann» BW soon aa 
is opened and tb*’ toposed to ’ 
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seJeniam dlminlshfcs and if an electric. bell be.includcd- in' the 

circuit the bell begins. to ring.; . ■ * 

In the earlier, days of ‘‘talkies” selenium cells Were utilised 
for reproduction of ..sound, from the ifilm -but now-a-days 
they have been, entirely replaced by ? photo-electric ■ cells. 
(Vide. Art .247) -r •, 

Art 113 ' Meastirement ofE. M. F. ‘ 

The E.‘ M- F. of a cell maybe readily determined by.mcMS 
of . a suitable voltmeter (Vide Art 93). The E. M., F’s.of two 
different cells may be compared by , either of .the .following 
methods, / , , ^ _ . ... ... 


J*t Method, SUM'ANDiDIFFERENCE METHOD' ■ 

Two cells (whose E. M. F’s Ei and E» are to be ‘com pared) 
are joined in series, with a, resistance R and a- tangent 
galyanorneter. If Bi and Btijc the internal resistances ,of , the 
two cells and if f be the .galvanometer resistance . 


• . Ei-i-.Ei : 

R + Bi + Bj + r 


h tan Oy ■ 



...;.^(o) 


k being the constant of the tangent galvanoineter-.’ahd-’ 
being the deflection produced. - • ' ' ; - - 

If the terminals of one of the cells be how reversedi 'e.' 
if the cells be-now in- opposition ■ ~ ‘ ■ = 

E 1 -E 2 ‘ ' ' 


' ""it tail &a 
R + Bi + Bi+r . - 

’ 0i being the new deflection. 

by dividing (a) by (6), 


(bl 


Bx + E» ' tan 0i . Ex _ tan.gi+tan 0f . t: - - - 

Ei-E*“tanfi» " Ea “ tan -tan A* , : . ' ’ ' 

2nd Method . potentiometer method 
T he principle of the method can be> understood!' from - Fig 
171. . AB is a long uniform wire to the ends of- which the 
terminals of a cell B are joined. A resistance R and -a key 
K are usually included in the circuit .E-the ;CUrrentcflowa 


2S7 


in the direction A to B there is a fall of potential along the 
■wire from A to B. If there is a parallel drcnit AGCi 
(containing a galvenometer G) ioining A to some point Cj 
of the -wire a cnrrent tends to fio-w in the direction AGOi 
dne to the P. D. betvre^ A end Ci. If this parallel drcnit 
also indndes another cell of E. M. F. Ei and if this cell 
tends to send the cnrrent in the opptsitt* direction, two 



currents tend to flow in this drcnit in opposite directioni, 
— one current due to P. D. between A and Ci end the other 
current due to the E. M. F. Ei. If therefore the P^ D. between 
A and Ci be equal to Ei there -will actntll 7 be no current 
and hence no deflection of the galvanometer. Conversely, if 
by trial a point Ci be founct on the wire A B "such that 
there is no - current through the galvanometer the E. If. F. 
El of the cell must be equal to the P. D. between A 
and Cl. If the cell Ei be replaced by another cell of E. V. F. 
El and if the corresponding null point on the -wire AB be 
Cl, the two E. M. F's Ei and Et may be compared thus i — 

El ^ P. D. between A‘ and 0i 
Et P. D. between A and Gi 

lid 

" ^ lengths ACi and 


• ThUreqolrettliilpoaitrvepolesof Ewsfi Sa •« connectea to A. 
If the negatlTc polci oXhoth E and Bi be coaaeetctX to JL the reatilt wXlX 
be identical. 
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ACj; is the resistance per unit length of the wire AB 

and i is the. current along AB. Hence ^ -4^* s 

' ■ ' 

.^e wire AB.is called the potentiometer wire. ,, It, may , be 
seen that if a and t be separately determined .^e actnal 
values ,of Ei and Ei can be^easily obtained for,, Ei“h<T» and 
Ei^Iioi. The current * is determined by having a miili- 
ammeter in series with the potentiomciter : o is obtained by 
measuring the total resistance - of ■ the - potentiometer wire,— 
say by a Post Office Box and by "dividing this resistance by 
the total length. <■. .r ^ 

N. B, (l) The E. M.’F. E must be greater than Ei or Et ; 
otherwise the null point Ci or Ci will not lie within AB. 

(2) Similar poles of E and of Ei or E» must be 
joined to A ; otherwise there will not be any null point at all, 

(3) The resistance B should be adjusted so that 

null points are brought .near' the end B of. the potentiometer 
wire; ? •: A. -.i' ■ 

Art 114 Measurement of . cnrreDt. , . ; , 

A current may be measured, by either of the; following 
methods: — ; • ^ 

1. By inserting a suitable ammeter- in the circuit (Art 93). 

2. By using a voltameter*. (Vide next chapter) - 

3. By potentiometer. . - < - ^ ^ - 

POTENTIOMETER METHOD- 

This is essentially a method of. compa^pn, of twoB.M.F.'s 
(Vide Art 113), A small but accurately, .known resistance r 
is inserted in the circuit in which the current i is to • be 
determined. The po.tential difference ir between the terminals 
of the resistance r is compared wjth the topwn E, M. F. E of 
a cell by. means of a potentiometer. . The actual connection is 

• Students mutt di»tiBgvish between Toltmctors,and voltameters. 
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shovm in Fig. 172. If 7i and /tbethennll point lengths on 

the potentiometer 
wire corresponding 
to ir and B respec- 
tively we have 
ir h. 

E " Ii* 

Hence knowing 
other qnantities, t 
can be determined. 

N B. Very large 
currents can be 
accurately measured 
by this method, a. g. 
if the ' current be 
1000 amperes, a low 
Fig, 172 , resistance of the 

order of O'OOl ohm should be chosen for r. The P, D between 
its terminals would therefore be of the order of one volt This 
may easily be compared with the E. M. F- of a standard cell. 

’ Art' 115 "Tlie capaci^ of 

MMuuremcnt a' condenser may be 
of capacity measured by a 

ballistic galvanometer if a cell of 
known E.M.F be readily available. 

A condenser of capacity 0, a 
cell of known E. M. F. E and a 
ballistic galvanometer G ‘are 
connected as shown in Fig 173. 

Keeping the key K* open as the 
key Kt is closed the condenser 
acquires a charge OE. If now the 
key 'Kris opened and immediately 
thereafter* the. key Ki is closed rig. 178' 

• A epccUl type of key conUfeieg both Ei and Kj is used. ‘ It it 
so Brrsnged that by a single operation Kj it opened and Immediately 
thereafter Kt is closed. 
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then the condenser is dischirged throhgh the belHstic 
galvanometer and the throto 6 is observed. Hence CE-iifl 
where h is the galvanometer constant. If the galvanometer 
be previously calibrated, t. e. if the constant k be previously 
determined the capacity may be found ont if B be known. 

[ Vide also Arts 68 and 155 ] 

Exerebe XII 

1. 225 omi of a potentiometer wire are required to balanoe 

a Leolanohe cell. If (he oeli be however shunted by a wire of 
reaistanoe 5 ohms only 2Q0 ome of the potentiometer wire ate 
required for^ balanoing. Find the internal resistanoe of the 
Leolanohe oelik ' " Ane. 0*626 ohm. 

2. A 4>volt oeli of internal resistance one ohm is need to 

1 - 

4end a ourreni through a potentiometer 2 metres long and 6 
•hms in resistanoe. - ’Find what length of the wire wonid be 
required to balance a cell of E. M.-F. 1*5 volts. What would be 
this length if a resistanoe of 8 ohms is placed (a) in series / (5) 
In parallel with the potentiometer., ’ 

Ans. 90 oms ; (a) 1S5 oms {b) 116 oms. 

3. A current of 72 milli>amperes passes through a potsDiio- 
aneter wire of resistanoe 25 ohms and of. length 10 metres. If 
600 oms are required to balanoe a cell find the E. M. F. of 
the cell. 

26 ' 

[Hints : — Besistanoe of 600 cms^fiOO^^j^j^^lS ohms. 

.'. E. M; F. - 72 X 10" 3 x 15 - VOS volt] 

4. How does the change ' of temperature affect the. reels, 

tanoe of a oondnotor 7 . ' - 

Describe an experimental arrangement illustrating how this 
property of oonduotors is utilised in the measurement of high 
temperatures. - " -r" ' < ■' C5- 

5. If the speoiOo resistanoe of platinum, at 0*0 is 8 95x 

10"® ohms and its temperature ooeffioient 82x10'''*, find the 

length of the wire of diameter 0*0274 om.> which has, a resis- 
tance of 4 ohms at 50*0. 0. U. 1938 Ans. 227 eas. 
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C U. Question \ 

1950- Wrifco ohorfc notes on (o) Platinum Resistanoe 
fcbermomoter (b) Selenium oell. 

1961. Why is a Wheatstone’s Bridge unsuitable for the 
measurement of very low resistanoes ? What method would 
you adopt for the aoonrato measurement of snob resiatanoea ? 
Give a nest eleotriosl diagram of the method and deduce the 
underlying theory. 

1958* Write notes on Selenium cell. 

1966. Doaoribe the WheatStone'e bridge method of meas- 
uring resistanoe. 

In a slide wire bridge the wire is 100 oms long and the 
standard realstanoe Rs is 100 ohms ; a balanoo is obtained at a 
point oms from the end to which the unknown resistance 

Rx is connected. On inter>changing Rs and Rx the balance point 
oconre 52'75 oms from the same end. Find the value of Rx. 

Ana. 89‘41 ohms. 

1967. Describe the laboratory typo potentiometer and 
explain the principle of its working with a suitable diagram. 
How can two E. M. F's be compared with it ? 

The current in a slide wire potentiometer is adjusted with 
a rheostat so that the galvanometer reads zero when a 1*08 volt 
standard coll connected to a slider, intercepts 300 cms of the 
calibrated resistanoe wire. An unknown dry cell substituted 
for the standard oell produces a null balanoo at 450 oms. What 
is the dry oell E. M. F 7 Ans. r62 volt. 

19fiS Describe llie construction of a Platinum resistance 
thermometer and explain how it may be used to determine the 
boiling point of a liquid. 

1969. Write notes on '’.Measurement of current by 
potentiometer’’ 

>975. Write short notes on “Potentiometer and its use.” 





/ 


IIIZ aaT5AH0 


hltiiA 


exeTjoansjz 

sabBsH” bsTsbfettOD oirsdlul avad sW 
oltlaals Qfi lo "joaBS oHsttaaM** bus ’'JasBS 
8 dsnoidJ InariBo ohiasfa na io saaaaag sdT Jamao 
B zsiasTO baa asaaizdm ad) aldslw )aad esJaiatwa ssnaJadB* 
■^IfanaiT Jnd aaaqz aonnoddabn ad) at blaB ohsaaaam 
aoaaizdaa ad) 3o, floiJIaocicnoo arii nl sanads on zaoabojq 
— zaaaB)ados soitoobaoo 3o aaalo a tavswod ai aradT .ilsrfx 
daidw — sbijjpil amoa ar z)Ibb lo enorJaloa 70 ailas baaai 
eaaaaq ittanm a nadw nonamonadq aaohua tadJai a )tdidxa 
io )zizaoo aaoaa)adaz aaad) io ealnoalom adT .madJ daoord} 
bba na bns (noi*avbieoq a lo) laalbai olzad a— tdiaq owJ 
a sataaeq no )Bd) bnnol ei II .{noi^arbaasn a to) taaibn 
aliaq inanJitanoo ow3 aasdJ esanaJadna aaadJ danoidl iasTtm 
zaoi aT-biaoq — aaboilDala owJ odJ tsan balaTsdll aia anoi 10 



Tsait acrof avbaaan bna abodlao 70 aboiioah avtu'^a ad) zaaa 
aTToai oala aia anoi aaadT .abona 10 aboxJoala aviiiaoq ad) 
aa nwoni ai nonstnonadq eiriT .anobad baa ettouta aa 
eaonaJadna ab^lobasla baHao ara aaonaJadna dona .afa^loilooIH 

fmtlelqxs »d Ilbw avilagsn Bns 9vlli«oq bsllso ai* snol atadi ^dW 

.lalsf 
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and the apparatus in which the decomposition of the substance 
takes place by the electric current, is called a voltameter. § 

The electrode through which the current enter* the lolntion,. Is the 
anode and the electrode through which the current goe* out of the 
solntlon la the cathode. The current paeaea through the solution from 
anode to cathode. In the caae of * cell It 1* Just the oppoalte : the 
current paaaes through the cell from the cathode to the anode. 

Thus if we electrolyse addulatedt water hydrogen and 
oxygen come out near the cathode and the anode respectively. 
In the case of dilute hydrochloric acid solution hydrogen and 
chlorine evolve near the two electrodes. Sometimes the 
process is slightly more complicated. Thus when a current 
is passed through NaCI solution the liberated Na ion reacts 
with water prodnclng NaOH, 2Na + 2IT»0'"2Na0H + Hj ; 
hydrogen is thereby liberated at the cathode. At the other end 
chlorine of course comes out. The nature of .the electrodes 
also, sometimes plays an important part. If we use copper 
electrodes in a CuSO« solution Cn gets deposited on the 
cathode j and at the other end SO4 combines with the copper 
of the anode, forming CnSO« again. So nothing comes out 
near the anode or the cathode and the strength of CuSO* 
solution is maintained. If however the electrodes are made 
of platinum instead of copper SOt does not combine with 
platinum but reacts whith HtO ( of the solution ) producing 
HsSO*, 2S0i + 2Hj0“»2HtS04 + 6* ; Oxygen thus comes out 
at the anode. At the cathode On is of course deposited 
on platinum. 

r 

Art 117. The following deSnitions are very useful i~ 

The gram atom ,of an element is equal to its atomic 
weight expressed in grams. Thus the gram atom of silver 
is 108 gms. 

The gram molecule of a compound is its molecular 
weight expressed in grams. Thus the gram molecule of OnSO« 
is 63 + 32 -}- 4 X 16 - 159 gms. ' 

§ StndcBts molt distingoiih between a voUmeter and a voltameter. 

t Pore water i* a non^ondnetor of electricity. To make it coadne- 
tlag a little add ii added to it. 


The gram equivalent of a compound is equal to the gram 
molecule divided by the valency of the basic" radical. Thus 

' " 1S9 ■ ' ' 

the gram equivalent • of CuSOi is — -•=79’5 gms. 

. A 

Gram atoms of all elements contain the same number of 
atoms ; gram molecules of all compounds, contain the same 
number of molecules. This number ( same in either'ease ) is 
Avogadro’s number and is usually denoted by the letter N. 

The chemical equivalent of an element is its weight in 
grams, which combines with or displaces one gram^ of 

hydrogen. Numerically„chemical equivalents^— 

' - ' . -valency 


.Thus for Hydrogen 
,, Sudium 


Atomic 

Wt 

1 


yalency 

1 


Chemical 
■i Equivalent 

1 gm 
23 gms 


CoppV 

63 

- 2 

- * 31*5 

(Cupric) . 

, 

e 


Iron 

56 

3 

• 187 

(Ferric) 

Silver 

108 . 

1 

108 

etc, etc 

» etc. , 

‘ 



’ Fara’day studied • the phenomenon of 
' electrolysis extensively and' formulated the 
following laws in 1833 : — 

lit ' Law. The amount of a subslanee 
Faraday s Laws fjy a 'current is proportional to the 

quantity of electricity passing through the electrolyte. ^ ^ 

2nd Law. If voltameters containing different electrolytes be 
connected in series, so that the carne quantity of ^ electricity ts 
passed through all of them, 'amounts of differepi sub'ttances 
liaberated at different electro'des are proportional to their^ respective 

chemical equivalents. ^ ^ - 

Since* the quantity of electricity is equal to. the product 
of the cuffent and titne(Q-'»0, the Isl may be split up 

into two laws J — 
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(a) Tht amount of a tubstancj liberated by a current.it 
proportional to the current. ' ; . 

{b) .The amount of a tubstance liberated bp a current it 
proportional to^hejivie for which the current pattet through the 
.electrolyte. , ' 

ilathematicallj, ’ ■ • 

’ - Mass of ion liberated W oo it : ' ' ■ 

. - X <, where r is a constant - ‘S- 

This constant 2 is called the clectio-chemical equivalent 
(E. C.'E) of the substance.; It is defined as the', amount of 
the substance liberated, by a unit quantity of electricity. ' 

’ Tht'i2hd law may also be enunciated thus ' 

Chemical equivalent's of different substances are liberatid by 
the tame quantity of eieciricity. \ . . ■ , 

By careful experiments this quantity has been found to be 
equal to .9650,0 coulombs, or 9650 G. G. S. .units of electricity. 
This is also sometimes called a Faraday of electricity. 

Thus l.gm of Hr, 23 .gms of Na. 3F6.- gms of -Ou, , eta, etc. 
are liberated by, 96500 coulombs. 

Hence from the definitibh of E. b. E* ' ' 


1 23 ■ ' 

E.C.Eot H.--j^„;E. C. E;ot-N.-5^ 

E.C.B..S a s„b5t.n«-SiSaH^^2^ai,S|2!SS^ . 

‘ t ' i i i-f t ' T y ‘ ‘ y '96500 ' 

i! E. 0. E. of a substa n ce A Ohem. cquiv. of A 

‘ ' E. C- E. of a substance' B "Oheth.' Equiv. of B! ^ 

'This enables us id calculate E- 0. E. of a substance, when 
that of any other is known. \Fdr example', 'the E. C. E. of H* 
is known to be 0 00001086 ; then since the chemical equi> 
Talents of Cii and Vf Hi arc respectively c^ual td 31*5 and 1* ^ 


E. C.'E. 'of Ou * 


- X 0‘00001036 - 0’000329: ■ 


; . .The E..C. E;.of a substance can be- ^pressed 

in practical units , as well ns in 0.;G. S.-units., -Thus E.'C. E* 



of Cti'— 0'000329 gms cotilomb * 0’00329 gins per C.' G. S. 

unit of electricity. 

* • (2) In the equation if three of the four ‘quantities 

involved' be 'known, the fourth can ^“ehsily determined.' ' If 
both t and z are supposed to be known, both should- be 
expressed either in practical units or in O. Q. S. units! If 
however one is known and the others .unknown' .'the^^unknown 
will be- obtained in 'the unit: in which the known is 


expressed. 


A eurrent 'qf O'B a'mp. produdet a deflection of S0'‘ in ’d‘ tangent 
galvanomeief» If. d current pattes through thie galvanometer atid 
a copper volt*ineteri;in amei ,a^ ifj the steadp deffeotion of the 
galvanometer ^be 60° find the thiohneei of copper, deposited 
uniformly in 2 hours over an area of one gg. meter. SE.C.E. of 

Ou •= O' 00033 gm per coulomb ; Density of Cu ” fi‘9] 

■r.C' o: : -ri' ‘■'i. a* li.- 


■'.‘''0*6 — 1; tan' so* — '^—O'S x",y 3 — 'practical "Unit, 
When'the'defl^idn is 60* the cuireht g - Jt'taii 66*=--^-amp. 

'C-hK!; i.'.C'jf; ‘'rf ;;3Jnfcih , 

Amount of copper depontedm;2 hours < 



X 0*00038 X 2x 60 x 60:- 3*664 gms.- 


u'-' r. V -t, 

.*. rcquired-thickiieS-g:^^ '* 

Art IXOc 


Arrhcniuc, , ,, explain ..the above phenomenon, is 
. . 3;*l*n*T ■' . '^Arrhenius. According to him as soon; as an 
elcctrolytic.substance is dinsoived in a.suitable liquid, spme— 
not .,aii— of the. molecules .of the'. solute .a«- dissociated, 
broken up. into two components or ions. Both these ions 
are charged with ■electricity'^-one ioh (basic radical) is charged 
with+ve electricity and is therefore called positive ion or 
ahioh, the other ion (acid tiidical) With'*- ve ' ^Itetrifcity anil is 
■therefoTe - known' ’as” negative' ion* dr' Kation. “ Thus a NaOl 
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molecule is broken Up into Na"^ and Cr, a CuSO* molecule 
into Cu'*^'*' and SOi and so on.§ 

It should be remembered that at ordinary dilution only a 
fraction of the total number of molecules is dissociated in the 
above way. The degree of dissociation, i,e. the percentage of 
dissociated molecules depends upon the dilution of the 
solution. The greater the dilution the greater will be the 
degree of dissociation. At infinite* dilution the tiissociation 
is complete, i. «. all the molecules are dissociated. 

. As soon as a potential difference is established between the 
-electrodes placed within the solution these charged ions begin 
to move, positive ions towards the cathode and negative ions 
towards the anode. As a matter of fact the movement of 
these charged ions constitutes the electric cogent ttrough* 
the solution, or in other words, these ions act as carriers of 
electricity for the passage of the currentr_ : f 

, ^ ^ 

It inu»t not be supposed that at any'dilutlon molecnlca once dlaao- 

cUted always remain , in the dissociated state until an electric current 
makes the ions move towards the respeclivl electrodes. The process 
is on the other hand a case of statistical cquilibrinm. It has httn 
estahlished from various considerations that the molecules of the solnte 
St well as the ions produced’ by the dissociation of the molecnles, be- 
have like the molecnles of a ga*. ^They move hither and thither, collide 
with one another at frequent intervals and travel short distances known 
as free paths, before meeting with fresh collisions. According to modern 
ideas an atom consists of a- number of electrons, rotating ronnd"^ a 
central positive nuclea's. These electrons' are not crowded in one 
alngle orbit "but are distributed over different orbits.** >A Na atom 
contains one electron in excess of those in satlsfiedl orbits. , A Cl atom 
on^thc other hand, has one electron too short to make the outermost 
orbit eatisded. 'When a Na atom combines with a Cl atom to form the 
compound NaCl; the Na atom parts with its excess’ electron which the 
Cl atom readily absorbs In order to have all its' orbits satisfied. Since 

- 5 • Why these ions are charged will be expltiued later, ^ - 
• Tor all practical purposes a large dilution may be regarded as 
infinite dilution. 

*• The word orbit has been used here in the sense in which the 
word "ahcll" Is often used. ‘ * ' - ' 

t Vide Art 198. 
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electroBB are n'egatively.charged particles, botb Na atom ” and ' Cl., atom 
become therefore charged ipith electricity by. this process ; ’ Na atom 
haying lost one electron. 1# charged^ positively and. Cl atom having 
gained one electron, is charged negatively,^ Bivalent atoms, snch as Cn 
Cd etc. have two electroha in'eycess of those in satisfiad brbitsV ^hese 
two electrons are ■transferfed'to’the acid ’ radical when snch molecnles 
ao CnSOii CdCla etc. are dlssoclated’in a'sdlntion.' ‘Thtfs in’these cases 
the ions Contain ;two - electronic .charges;; similarly, .in’ thcvCase.’of 
tn'valent atoms therejare three, electronic charges .in each of the .ions, 
Ordinarily, due. to electric forces existing between them these'two 
charged ions — a basic ioh''and an acidic Ibh-r-remain united forming a 
neutral molecule.'’ In the sblntibh when 'they' are rno'wng' hither and 
thither, these neutral mole’culcs meet with collision's— collisions among 
thcmselvci and sometimes with ’ already dissociated : Ions.; As ai result 
of these .collisions, some of the molecnles are. disrupted and- broken up 
into two component ions., I Simultaneous .with this process ^of, dissocla* 
tioti, another process produciiig recombination of klready dissociated 
ions,’ Also takes place. Two ions (having bpposlte charges) moving like 
gas molecnles, sometimes •'mutually come into contact ^nd'dVe’4o 


electric force operating between them, re-unite forming an undissocia- 
ted neutral molecnle, ''R|hat Arrhenius* theory therefore means’, is that 
at any dilution a certain fraction of , the, total, number of molecnles 
Tcmiiris in the diBsdciaUd stage, there being .always , an exchange 
between dissociated and undissociated molecnles. ' ,j , 


Alt 120 ' That Arrhenins’ /theory is’i stibstantially 

Verified from the'fo]Ib'wiDg".’~‘ ' 

1. It is well khb^^ that if a [ solute be" dis.soiv^ in a 
solvent (liquid), the boiling point of the solution is higher and 
the freezing point is, lower, than.. those. of.; the ,pure-;SOlyenL 
This raising . of < the - boiling , point -or the lowering : of the 
freezing point is propbrtiondl ■ ’to' the :* number * of sra® 
'tnolccules 'of 'the' solute ’ present 'per litre of 'the solution and 
hence. to the concentration of., the solution.' .Thus if a known 
quaiitity.pf sugar ora similar, organic, compound ,be dissolved 
in water, the . raising of the boiling -point or . the lowering of 
the freezing point’may be miasuredand thereby the toolecillar 
’Weight' of- the ¥61ufe thay he' determiriedi^ ' If 
solnte dissolved be of the class of electidlytic substanws, •.«< ?• 
NaCi^ OuSO* etc. 'it i^ found ‘that the’lowei^glpf .the .freezing 

point ot the raising of the boiling point is:- greater than 



249 


whnt wonld be expected fron. the amount of the substance 
dissolved. At infinite dilution the effect is double of V7hat 
would be produced by the number of gram molecules of the 
solute dissolved. These phenomena can be explained on 
Arrhenius’ theory. For, according to this theory at any 
dilation a fraction of the molecules is dissociated into ions ; 
so far as the lowering of the freezing point or the raising of 
the boiling point is concerned, these ions are as effective as 
the neutral molecules themselves. Hence the total number 
of molecules and ions being greater by the dissociation of 
some of the molecules, the effect produced by them Is also 
greater. At infinite dilution each of the molecules is 
dissociated into a paii of ions and hence the effect is doubled. 


2. We start with the following definition ; — 


Equivalent conductivity 


Specific conductivity 
Concentration 


Specific conductivity is simply the inverse of specific 
resistance and concentration is defined to be the number of 
gram equivalents of the solute per c- c. of the solution. 

It Is found by actual experiment that as an electrolytic 
solution is gradually diluted the equivalent conductivity at 
first steadily rises, ultimately at infinite dilution (i. e. when 
the dilution is sufficiently large) the equivalent conductivity 

becomes constant. The actual 
relation is shown graphically 
in Fig. 175. Arrhenius’ theory 
gives a correct explanation 
of the phenomenon as 
follows ; — 

Suppose for example we 
take a CuSO< solution and 
gradually diminish the concen- 
tration by dilating it with 
water. The total volume being 
thus increased the number of ions per c. c. decreases and 
conductivity which depends on the number of these carriers 




(ions) per c. c. also decreases. • The question is , whether the 
ratio of conductivity to concdhtrafion alsb changes or not by 
dilution. If fresh ions ’ be not produced by dilution, the 
number of ions per c. c; decreases exactly in the same ratio as 
the concentration and in that -case equivalent cohducti^ty 
does /pot change with dilution.’ ' But hccOrdihg to Arrhenius’ 
theory -more and more' molecules aire dissociatcdhs the dilution 
is increased. - Therefore, with ^adually increasing dilution 
the numbw of ions per c. c. and hence cbnductivi^ decreases 
no doubt biit not so rapidly as the- concentration t the ratio 
condtictivity to cbhcehtratioh therefore inorflajait with dilution. 
•■Wheri 'however''BlI the mblechlcs are dissolved at infinite 
'^ilhtion (f. fi, at a very large dilution), any 'further increase in 


dilution does not .'prodnce fresh ions (since there are now no 
more neutral molecules, to be dissociated) and equivalent 
conductivity- does ho’t.change'any more with further dilution. 

' Art i21;' ' Long before ’ electrons were discovered .the 
atomic nature Of electricity wfe brought out by the phenome- 
non of eieclroiysis as explained below.' ■ , 

We know that one gram atom pf.ra, substance contains ; N 
(Avogadro’s number) atoms... If, each of these .atoms carries a 
charge E in the ionised state totel.amount.of , charge carried ina 

_ • j. . gram atom, 

gram atom is NE. We also know that chem cquiv™ valency’ 

hence total charge carried by; a cfaem. equiv. of substance is 


equal to - And sihed chcmical equivalents arc.Jibera* 

valency - ' ; 


ted -e Faraday,.( 9650 C. G S. units) of electricity^ we 


mu£ .y:ve 

' ' "ne ’ ■ 


valency 


9650 . or NE - 9650 x valency 


(o) 


•“ 1*69 xl0~*®x valency* , , . - r- 

. . :Since valency is necessarily a positive integer 1, 2, 3, etc., 
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the charge E carried bj flD ion must always ^-an integral 
multipJe of I'SQ x 10~*° C. G- S- unit of charge 

Again if m be the mass of single atom of a substance of 
atomic weight A’,~ ‘ ' 

Nfn“A ... ... (b) 

Dividing (a) by (6), we have ' 


E 


m 


9660 ^ . 

— ■■■.X valency 

A ■* 


(44) 



E - * - - 

Thus — for any substance can be determined, 
m 

Art 122- AcconJing to 
what has been stated in the 
preceding paragraphs we 
may assume that at any 
dilation there Is an 
approximately uniform 
distribution of positive and" 
negative ions throughout an 
electrolytic solution. With Fig. 176 

the application of an electric' field between two electrodes 
— ^the anode and the cathode, these ions begin ,to-move, 
positive ions towards "the cathode and negative ions towards 
the anbde. When the field is first applied ions have .accelera- 
ted velocities ; but since they encounter so many . neutral 
molecules in their paths they soon acquire 
uniform limiting* velocities. These limiting 
velocities — different for different kinds of ions — obviously 
'.depend upon the strength of the potential gradient between the 
electrodes.'. The mobility of an 'ion; is defined to be the 
uniform velocity, generated under the action of unit potential 
gradient. If-tiund v be respectively the mobilities of the 
positive and negative ions and • V be tte actual potential 
gradient, i. e- potential difference i>er cm applied between the 
electrodes, the actnal velocities of ions are oV.and vV. 

• Thl* it naalogoQS to the liiakisg velocities aeqaired by statU 
droplets of rsia falllog freely in sir sndtr the.sction of grsTity, 


Mobility 
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The first step towards determination of o and o was made 
Determination Hittorf who determined the ratio -“-in an 

of ~ ingenius way. Consider the diagram ( Fig. 

177 ) originaliy given by Hittorf. I,et us 
suppose that at the instant of applying the field Both ions are 

e©©00©0© 
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Fig. .177 ^ 

' J 

arranged uniformly as shown in (a) : to be more precise let 
us suppose that there are 16 completely dissociated mole- 
cules, 8 molecules on the anode side’A and an equal number 
on the cathode side K. For simplicity let us assume that the 
velocity of positive ions is double that. of negative ions, 

] ^ \ 1 

» fl. let — “2.x 

o ' ^ 

An instant after the passage of the current the state of 
afi'airs is as indicated in (b). The ratio of mobilities being 2 
while two positive ions pass to the cathode’ side only one 
negative ion is transferred to the’ anode side.' Three ions 
which are free on either side are deposited on each electrode 
and there are now 6 molecules on the anode side and 7* mole- 
cules on the cathode side. Still another instant later, as 
shown in (c), three more ions (». e. 6 ions in all) are, deposited 
on each electrode ; there are now 4 molecules in the » anode 
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half and 6 in the-cathode half. -Thus it will bt- seen that at' 
each step, the loss in concentration of solute on the anode side 
is twice as large as that on the cathode-side. Hence • . 

Jlate of dimin ution in co n centra ti on at anode . ^ 2 = 

Rate. of diminution in concentration at cathode , ; n,, ■ . - 

, We have proved this when the ratio is; assumed :tO'bu 2,-; 

. this is however. trne generally. To determine, 
, Experiment. . this ratio experimentally two beakers contain- 
- . , ing the solution.are joined by a ^phon tube, 
also containing the solution. Two electrodes art immersed in 



the two beakers and an electric current is passed as shown in 
Fig. 178. At the-start concentration is the same in , the two 
beakers; bub with tbc'.p^sage of the currentthe concentra-, 
tion diminishes at each of the two electrodes, -Portions of the 
solution are removed from each, vessel from time to .time .and, 
are analysed chemically. ..Thus the rate of- diminution in 
concentration at each electrode is, determined and. hence the 

ratio — is obtained-' ' ‘ ' 

u 

. , A further step was due to kphlrausch who 
Art 123 - determined n-rr.^. Motion of,, positive, ions 
Oet«rmln»tlon constitutes a positive current, n from. the, 
of u-fv anode to. .the cathode. - Similafly by tlie 
movement of negative ions we .have a , negative 
enrrent it from tile cathode to the anode; hutthis is.equiyalen 
to a positive current « from the anode to the. cathode^ Thus 
u+i» represents the total current Sowing through the solction. 
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from the anode to the cathode; As before ' let V Be the 
potential gradient so that the "actual velocities of ions arC W 
and oV. Let c be the concentration of the: solution -let 
there be a gram equivalents of the solute in each c. c.^bf;, the 
solution. If wehlso suppose that dilution is so large that all 
the moleciiles are completely dissociated then there are e gram 
equivalents of each ion in' one ‘c; cv ' * Ah!d since one grata 
equivalent of an ion carries 96500 coulombs, total bharge of 
each kind per c. c. of the solution is c, 96500 coulombs. 



Consider how "'a unit" area aFfight angles to the current 
Let US' imagine a'cylihder ' whbse>hase is” thih unit and 
whose leh^h is' 'equarto ‘ n'V taken 'along the direction of the 
current. The volume of this cylinder being liV thehumber of 
gram equivalents of positive ions in this cylinder is chY and 
therefore the total araonht of positive- charge -within this 
cylinder is chV. 96500.' "And sinee’ ail this charge crosses 
the unit area in one second the current denmty m per unit area, 
due to movement of positive ions, is given by 

I * " 96500 iamperes’ per sq. cm. , 

Similarly the current density it due to ' movement of 
negative ions is-'-' ■' . s ' 

' - " I’t ■" cnV. 9650o amperes' per sq> cm. 

' Sehce total current density ' ' . . 

i'“ii+fa“bY(«+b), 96500 amperes per sq. cm* 

If i be specific conductivity of the sointioh this 
is also equal to iY. • For. ' fe being "the specific condnihivity. 



2SS 


“T is the resistance between the feces of e centimetre cube of 

/C ' 

the solution and V ( Potential gradient ) is the potential 
difference between the same two faces ; hence by Ohm's Law, 
current per sg, cm-hV. 

Thus cV(«+ti). 96500'=*feV. 

h 1 

.. «+ 0 “ ^ gggQJJ 

— is the equivalent condncHvity of the solution at infinite 
dilution and can therefore be measured. Hence u + o^ can be 
determined. 


Thus knowing — and a+», ti and v can be separately 
determined. ^ 

We may here’ profitably discuss hoto a 
Art 124 current passes through various substances. 
^e?ectr;c°ty***^ The passage of a carrent means ^ow of 
electricity ; and for electricity to flow through 
a substance there must be carriers conveying electricity from 
one point to another. 

According to modern ideas all substances contain electrons. 
In the case of a metallic conductor it is believed that at least 


some of the electrons are loosely bound with the parent ato'ms 
and can be detached quite easily ; they are more or less free 
to move.' When a potential difference is established between 
any two points within the conductor these electrons begin to 
move from the negative terminal to ^ the positive one, i. e. 
these electro s act as carriers of electric charge. It should 
be noted that the movement of electrons constitutes a negative 
current, A negative current from the negative terminal to 
the positive one, is equivalent to a positive current in the 
reverse direction. 


In the case of an electrolytic substance, as we have seen, 
some of the molecules of the solute are dissociated into tw’O 
oppositely charged ions. These act as carriers of 
electricity end move towards the respective electrodes by the 
influence of any potential difference established between two 
points within the solntion. 
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The conduction of electricity through gases is a slightly 
different process. Ordinarily, gases' are non-conductors because , 
of want' of any carriers' of electricity a'-' current cKnnbt' 
therefore be made to pass through a gas.\ But if some ’ of '^the' 
molecules of the gas be ionised, ». e. if one or more electrons 
be removed from the molecules 'the remaining portions will 
be positively charged. _ These -positively charged molecules , 
(*. e, positive ions) and the electrons ( which have been 
removed from the molcules ) float about in the. gas just flike 
dr^iiiary m'olecules ; ■ when there is ■ any’' pbtetitial 'difference 
between any two points these ions and electrons move towards^ 
the respective electrodes,- 1. e. they act; as ‘carriers.; and ;, their 
motion constitutes the electric current. This ionisation of gas 
molecules can be brought about in a variety of ways, e. g. by^ 
ultra violet rays,' by X rays, by ‘y -Rays etc. , etc, ■ ' - 

Art 125 Storage battery ' • " 

We are .now in a position' to discus's what is called a 
secondary cefl.‘ Seedndary cells are also sometimes’ 
to as storage cells or. accumulators. . Cells may broadly be 
divided into, two ejasses-^Pritnary' and .Secondary, in both, 
these cells certain chemical reactions take place, cells' undergo 
some changes and current’ is obtained ' at '.the expense of 
chemical energy. In .primary .cells these chemical reactions, 
are not reversible, i. e. if after a current, is drawn from the 
cell a current from... dn .rirternal . source b^ passed through, 
the cell in the reverse direction, .the . cell is .not brought back 
to the initial condition. Daniell cell, Leclauche cell, Bun.sen^ 
cell etc, arc'.ccfmmon examples of primary, cells, , Chemical 
reactions in secondary cells are on the other hand reversible ; 
after a supply of current has been obtained from ^ a secondary, 
cell, if , a ‘current be passed^ pj bu external agency thrmgh 
the" cell in .the opposite direction the .cell, is restored, to, .the. 
original condition and a fresh, supply of ^current may again 
be obtained, from it;. When the, .cell,. , supplies, the ..cury^pt 
the cell is said to be discharging. . ..Wiien .how'eyer a .cu'rrent 
is passed by au external agency through the cell in tbe 
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opposite direction we say that the cell is being- charged. 
This process of charging and discharging inay be •Tepeatied''a“ 
large nnmber of times. It should be remembered howCTcr 
that the word 'Storage' is rather a misnomer. ; Electricity is 
never stored in the cell. When the cell supplies lie current 
chemical energy is converted into electric energy ; when the 
current passes through the cell m ^e opposite direction 
electric energy is re-cdiiverted ' into chemical energy and a 
current may again be' obtainedffrom the cell. ,, \ t: 

Art 126 Storage cells again are of t^b different' r types, 
acid ceils and alkaly cells, according 6s the' electrolyte ’ is 'an 


add or an alkaly. We shall consider acid cells first. 

In an add cell the two plates are lead ( Pb ) and lead 
peroxide ( PbOi ). It is however found that Instead of using' 
ordinary lead’ and ordinal peroxide, if they are specially' 
prepared 'or formed the capadty 'of the' cell is increased 
rnaterialiy.' According to the earlier Plante ' process '^two 
plates of lead ’are dipped in a solution of HiSOt d/j and an 
electric current is jaassed for some time through the cell firora; 
an external source. A smalT quantity of lead peroxide is' 
thereby formed on the plate A (positive plate )hnd oh the^ 
other plate B ( hegative plate ), a thin layer bh the 'surface^ is" 




converted intb’what'is called spongy .‘ifead: ' A Wort Current' 
is now drawn from the celi'.'wbich is thus discharged. By 
repenting this process of charging 'and ‘disWargihg the amount 
of lead peroxide bn the positive plate' gradually increases and 
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more of the; jiegBtive;ij)late; is -converted ; into .spongy, lead ; . 
thtu-^e plates are^formed.; Bntjas, this, process requires . a 
lops time and as this involves a fairly large cost this . method- 



Fig. 181 


U;. 1 


:'lV‘ 


is, seldom used in modern times. In;the other method. hnown, 
as.Faure method the two electrodes; are tcchnicaliy.inown 
as drids , on , which, active, material is pasted. ^Grids, .are. 
generally made of , an alloy,, of, lead and jUntimony, the per-, 
centage of, aptitnpny.yarying between ,5, .and , 12. . In batteries,, 
required to supply, a fairly ;large^ enrrent for;Short. duration,* 
light grids,, are generally, preferred. . When,^ however , ,jthe^ 
discharge, is intermittent and the, battery, is , to.be diwigned., 
for long life heavier grids are almost always used. ; The sbape^ 
of the grids is_speciaily designed — it is different with different 
manufacturers— so that the actit'c material when. pasted docs 
not easily come out. iA few types of grids may ;be seen in 


Fig 181v-;,, ; ' " ' ■ 1 ^ 

The active material genorally coi|sisfcS;of a pasty substance 
prepared by naixingditharge ( PbO ) or jed-lead { PbsO< } or a 
combination of these oxides with a little of .dilute ; solution of 
HaSO*. For "negative plates the- proportion of. red. lead is 
much’ smaller than^that of litharge, the Tahgeya^mgfrom 0 to 
about-gb pef ’cehtr Forporitive plates however the percentage 
of red lead in the mixture varies between 60 and 80. 

, ; When litharge and red Icot are each mixed .up . thoroughly 
with d/j.HaSOa.the following Reactions take pl^ce , ,, r, ^ 
' * ‘'Pbs6/t,2HsS.04-2p)jS04 + P -r " 

!-^^^^H*S04^FbS0a+mb.^ i-i. <''• 
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Thus in both the plates PbSOi is produced. 

After the paste is firmly fixed on the grids and after it i? 
thoroughly dried up the grids are Imniersed in a solution of 
dll H2S04 and the cell is charged. 

Daring charging [ Vide Pig 180 (a) ] as the curreiit passes 
through the solution water molecules are_ electrolysed so that 
ions move, with the currerit towards the cathode. B and 
O ions move towards the anodie A. The following reactions 
take place at the electrodes during charging — , . „ 

At Anode A PbSO^ + O +H20=Pb02 + H2S04 + 2e 
At cathode B ' ■pbS04 + ;H2^^ Pb + H2SCi4 - 2fi S 
where e represents the electric charge. ’ 

. The cell ■ is now in a position to supply current,. If .the 
plates A and , B be connected by a resistance (external circuit) 
[Vide Fig 180 (b)l, a current passes outside the ceji from 'A . to 
B. . It is obvious that fnjida the cell the current now passes 
from B.td A, Accordingly H2t'*’ iops and 0“~ ions formed byr 
the decomposition of pater molecules now move towards -A- 
and B respectively.; -The following are the reactions that. take 
place at the two electrodes during discharge ‘.— vc- 
At Anode A PbO» + H*++ ,+ H»S04 -PbSOi + 2H2O - 2e \ ' > 
AtOathode B Pb:l-0--+n2S04“PbS04+HiO-t-2fl - J "vi . 

-It. will ' be seen from ■ equations' (a>'and (0) that during 
charging HiO molecules arc absorbed and HjSOt ‘mble'cules 
are produced. Eeverse is thd" base during discharge. Thus " 
tbe sp. gr, of H2SO4 solution rises ‘duriig charging and falls' 
during discharge. When the cell is' fully charged the sp.' gr. 
rises to about r25.' Later bn as the cell is discharged the 
sp. gr. gradually decreases', It is not however safe , to all6w 
tlte sp. gr. lo'gd down to neaV nbbtp I'lh" for in that case it' is' 
found by experience that the cell does not take' the chafge" 
fully later on during charging. From tiine to time the s'p. gr. of 
the solution is'therefofe mea.sured. ' As it tcHds - to approach ' 
ri8 the cellis charged; . Thus the sp.'gr. of the Boltitioh ihay ' 
be regarded as the true index of the condition of the cell. ■' 
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Thesp. gr. of the solation sometimes increases due to 
evaporation of water from the solution. To counteract this 
distilled water is often added to the solution bo that the level 
is maintained at a definite marking usually noted on the body 
of the cell by the manufacturers! 

" The M. F. of an acid cell is approximately 2 volts. ‘ It 
does not change very much during discharge unless of course 
the cell is discharged much beyond safety limits. The value 
of the E* M. F. does not therefore tell us much about the 
condition of the cell. 

' Art 127 ^ We shall now consider Alkaly cells. The most 

important type is Edison cell or NIFE cell. As in the case 
of acid cells, here also active material is attached to two 
grids'immersed in an electrolytic solution. The electrolyte in 
this case is a solution of potassium hydroxide ( KOH ) having 
a sp. gr. of ri2 to 1*26. a small amount of lithium hydroxide 
is usually added to the solution. This is found to increase 
the capacity of the cell. The grids are lue'pared^ of nickel- 
coated'steel plates provided with 'suitable openings in which 
active’ material is fastened." 'The active material in the case 
of positive plates, consists of nickelous hydroxide which is 
converted into a higher oxide of nickel during the process 
of formation. This being a non-conductor, flake" nickel or 
graphite i‘s added to it to provide necessary conductivity. In 
the case of the negative plate the active material is ferrous 
oxide. It is prepared by a special method, dried, groundvand 
then mixed with a small percentage of yellow oxide of ifer- 
cury. When the cell is first charged the oxide of mercury is 
converted into metallic mercury which increases the conduct!- 
vity of the mixture. The active material is contained in narrow 
perforated nickel-plated steel tubes which are ultimately 
clamped^on the grid by hydraulic press. 

' During charging the potassium hydroxide molecules are 
decomposed. iK'*' ions go towards the cathode B and OH."" ions 
towards the anode A. The following reactions take'^place at 
the two electrodes, * " ' ‘ 
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At Anode Ni0 + 20H--Ni0*+Hs0 + 2e V ,2 (f) 

At Cathode FeO + lK'*’ +HiO"Fe + 2KOH~2« j 

During discharge' the chnent passes fhrotigli the solution 
from B to A. ions therefore move towards ihe anode A 
and OH“ ions towards the cathode B. The reactidns are as 

follows * ' ‘ '■ ’ " 

At Anode NiO*+2K'’’ • +H«OTNiO + 2KOH“2« V “ 

At Cathode ' ■ Fe+20H"-Fe0+ Hi6'+ 2«' ' ’ ' j 

It will be seen from equatiohs'(T) that during charging a 


water molecule' is absorbed at cathode but released at Anode. 
The percentage of water in the solution as a whole therefore 
•-remains tihehanged. The same is true during disdiarge as 
will be ■ evident from equations C^). It is also clear frbih 
these equations" that ‘ during both' charge and discharge^ 
as a number of KOH molecules is absorbed' hy'cbmbiuation 
with the^ electrodes, the satne. number Is produced by'.’chemical 
reactions. ' Thus the' strength of ' the 'solntiph remains 
unchanged 'during charging as well as during discharge. . The 
sp. gr. does not therefore vary, at all — if is maintained constant 


iomeivhere between' ri9 and, 1*25. Unlike in acid cells the 
Sp. gr; is accordingly no index of the condition Of the cell. 

The js. hU of, the„cell on,the other band' ■ remains 
practically jionstant so ibng.as the cell is in a fairly. .charged 
condition." As the cell tends to get discharged to .such an 
extent that charging becomes necessary, ,the:F,,M. R begins 
to fall.- The E..M, F. therefore is-.the -tme, index of the 


condition of alkaly cells; Just after the cell is fully charged 
foV the first time the open drenit .voltage, rises to about .^48 
■rolts ; but soon after, it drops down to about rsfi volts at 
which ■value the.E. M^,F. remains.more or less steady. - 


; . Exercise XIII . 

1. Stato Faraday’s laws of electrolysis. 

If a current of.O'Oi amp passing thfongfa copper sulphate 
solation for . 2 hours liberates 0'09475 gm of copper,' find 
how roach silver will, be - liberated it a current of 0*05 amp 
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,p,asaeB through silver nitrate aolution for 8 hours. [>At. "5Vt of 
On “ 63.; At; Wt of Ag r 108 ]., , ‘.;;i ./ Ans... O GOOl gm. 

Srani moleoule, gram- equivalent and 
ehemioal equivalent. ^ . .. , , . 

;..; .100‘6 0. ^0. pf-.-hydrogen •■'at .22*0 

and 66 oms of pressure are ooileoted over platinum , eleotrodes, 
vjhen a.ourrent of 0*2 amp passes through, aoidulated,: water for 
50 minutes. Find.the E.;0.,jE.Jnf . Cu. ; [ Density orbydrogon 

at N. T. P.“ 0*0899 gms ;per litre ]. ^ 

0006324 gm per coulomb* 
op.oiBotrophemioal equivalent. . , 

. .A.. ® tangent . galvanonQot6r„.8t5 

in -Vefies in an' eleotrio pironit. . .If 0*4752 gin^^pf copper, ar® 
iibarate'd in 2^.^^onrB and ‘if the, steady .de'fieo'tion. of. .the', tangent 
galyahometor during" “^the . ; period ,be , 6 , 6 °,. . find the . rednotton 
iectpr’ 'of 'the'.'gaiyanbmeter, -[ At Wt of Cu“.63 .; jE! 0. E. of 
^V“0*P,006i636 gm per“ coulomb ].' AnB,.:..0*0il7 b. G. 8. unit. 

Wh^ hy . the ;mobilityjpf ,an ion .? Explain 

how it bah 1^ measured. ,, , 

Find, how many, grams, of .water are d®®?“P 9 ®eii, by a 
current of 3 amps iti 2 hrs. [ E. 0. E. of silver “0'66lll8 gm 
per coulomb. At. Wt of silver “108 j. Ans. 0*1491. gnb; 

“ ' 6; 'teive 'an abcWht 'of 'Arrhenius' theory of electrolytic 


diesboiation 'and fexplein’ how thia theory is supported by 

experimental evidence. ' ' 

6. A" current ' of' 2 'amperes is paBsed’ through' a popper 


sulphate solution. The 'area dif th'e batfa'ode surface. is I'S.iquue 
meters'. Calohlate the average inpreasb in the tbiolrneeB of the 
c6ppei‘..‘.'bepo8it per minute. [ E. Q. E," of ba“ 0 0003295 ; 
bensity.of Cn “8*9 ]. ' ' '' ‘ Aris. 2 ’ 96 xio f orn. 

7. Explain how from ' the phenomenoh of electrolysis we 


get an idea of the atomic nature of electricity. 

Why cannot a single Daniell coll decompose water 


continuously? .'•.-j'.s-.'VjTj - / : 

^ 'Oalonlate ;the .minimum i'E.-M. F. n'eoessary' in - order to 
decompose water, given the E. 0. E..' df Hydrogen “O'OOOO 106 
gm/amp; see. the heat yield of ‘1 gm of Hydrogen in combining 
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to form witcr*” 84600 calories', J"“4'2 X 10^ ergs anS i Wctfc*” 
lO'ergB/eeo. 0. U. 1949. ' Adb. rb2 volt. 

Hints: When 1 gm o( hydrogen combines, onCTgy** 34600 
oslorios — 34600 X 4'2 X 10^ ergs. Bat for 1 gm of hydrogen to 


combine, charge (Q) requlr^* 


- conlomb • 


0*000106 


■O’OOOOlOB' 

'O.’G. S. nnit/ 'Hoboe it E be the Teqnirod'lE. M. B. ' * 
I^«S4600x4*2xlO^ - . :i:- ■ ; . r : : ' i: 

' ';V B-8460bx 4’2x 10^ X 0*000106=1*52 X 10* G. 6. B; nnlt 
' = 1*62 volt. ■ ’■ ■■■■•• - '• ■-' ■■■ -u -r ^ 

8, 'Writa ehort notes' oh" 'eleotrblysii and ' atbimolty -'of 
' blcbtrioity.'* ' 

y . t . . i 

Explain how • the ; valae of — of. an ion .. in . eleetroIysU 

can bo determined oxysrimentally. ■. '- 'i'i 

9. Oalohlatb tbb’nnmber ’ of moleenlea in' one o, e; of a gas 

at N- T. P.from'tho following data ' • 'v. 

Ohemidal eqntvslent of any element is liberated by 9850 
0. 6.' 8.' nnits of eleotrioity. The charge of an eleetron is 1*69 x 
' 10“** O. Gi &;■ nnits. . One gram molecnle of 'Hydrogen ,obonpiee 
22*4 litrei at'N; T. P. / J,-; ; Ani^^’B’Tl x 10*?. 

Hints : N (Arogadro's number) is the number of moleonles 

in a gm moleonle. This bo8npie8 22’4 litres at N. T. P; ; ‘ 

9660 9650 . 

E “■ 1*69 ■ 

Number of molecules in one e. p. at N. T. P. 

9550 


And NB- 9650 N-^ 


xlO**. 


!'69 X 22*4 X 1000 


X 10*" -2*71 X I0*». 


C. U. QaestiOBS. 

1961. A corrent of 2 amperes is pussed through a OnSO* 
eolation. The area of the cathode surface ia 1 6 tq, meters. 
CalsuUie the average increase In tbs thickness of the copper 
deposit per minute. [E. 0. E.of 0a=0‘0003294 ; density of 
On“8'9gms/c. c. 3 Ans, 2 96x10“' cm. 

1963. 'What do yon understand by "equivalent condue* 
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tivity" of ft Bolntion ? Ezplftin the relation between equivalent 
oondnotivity ftnd dilation of an eieotrolytid' eolation. . ' ’ 

DeBoribe^ a method of meaenring eleotrolytio oondnotivity 
^of a eolation. " • . L 

1965. State Faraday’s laws of eleotrolyeis and explain bow 
;lhey bays been experimentally' verified. < r: . . r * - ■ 

Wbat is the reason .for , believing that, a. monovalent atom 
oarries unit eleotrio charge daring electrolysis ?, > . 

;-1966. . Sta^- - Faraday's Laws , of i.eleotrolysis,... What is 
meant by the eleotrochemioal eqaivalentof an element and bow 
, is it .related to t^ pbemipal eqaivalent;? 

Id oal’brating a 0-2 amp aznmeter by nsing a copper,,. volts* 
meter the following data were obtained 
' ■ Initial w’oighi of the oath6de...‘'...50‘126 gm. ' 

Final „ ' „ .^r: .>..;.50'701,gm. : r, ... 

;■ Ammeter reading***! amp, ...Time...80,minate8. i, ; 

Determine the trae-.valae of;- the..,onrreDt. .and henes the 
■•.'.peroehtaige error. ^ -(E.>0, ,E. of copper* 0’600S29),;, , 

"i ..‘r .'f:-, -• -•■.'•u 

-■* - ii9'68 ;'' StkteTafaaay’s'l:aws'of.: Electrolysis, and how 

•these laWs are verified. What do you mean; by electrolytic- dissocia- 
'tidn?-' •’ r’-' • v - r 

1969;* Write.notes on “Lead. accumulator 



CHAPTER XIV 


THERMO-EtECTETcrry 





a 

Fig. 182 


Art 128 Seeljeck a Berlin physicist, _^'discovered the 

^effect*^ following phenomenon in 1821 : — * 

If two wires of two dissimilar metals A and B be joined at 
A , , two ends and if the two junctions 

be maintained , at „two different 
, 'temperatures Ti and , T* then a 
current flows in the , circuit. 

• 'This phenomenon is now known 
as Seebecfc effect. Two metals 
arranged in this way form a Thermo-couple ; and the current 
produced by the difference in temperatures is known as 
Thermo currentr The'dircction end magnitude of the current 
depend upon the nature of the substances ^ and B. Seebeek 
arranged various metals in a series (known as Seebeek series) 
such that if a couple be made of any two of them, the current 
flows through the cold junction from one occupying higher in 
scries to one coming lower. Seebeck’s original series has now 
been extended and is now known as thermo-electric scries 
This is ns follows 1 — *'*•/" , . ' 

Selenium (860),' Antimony ‘ (100), Iron "(83),’ Brass (76), 
Tin (72 ), Copper (72), Silver (72), Platinum with 80% Rhodium 
(71), Gold (7 1), Zinc (71), Lead (69), Mercury (65), Platinum 
Nickel (5l), Constantah (30), Bismuth (10). " 

If a couple consists of two of these metals the E. M. F. 
(expressed in micro-volts) generated in this couple by 1°C 
difference of temperatures at the two junctions, is approximately 
equal to the difference in the numbers given in brackets 
against the corresponding metals, ^ . 

Peltier discovered the converse 
phenomenon ; — 
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If two dissimilar metals A and B be joined end to end so 
that initially the two junctions are at 
the same temperature '.and if a current 
be passed in any direction through this 
circuit, — say, by inserting a battery in 
the <^cuit, ^ one junction .gradually ^ Fig,cI83;; 
becomes heated and the" other cooled arid thus a difference of 
temperature is gradually established between the two junctions. 
Trius in Seebeck effect the cuirerit'^ is produced "by ‘the 
difference in temperatures at the two junctions,j?hile in Peltier 
Ofiect the difference 'in teinperature is produced by the curr^t. 

' 'Teltier effec’t In relation^iO Seebeck effctt can be seen best 
frofe the following diagrams ' * 

In Fig. 184 (a) the 'juriction P is heated and the junction 
Q cooled, 'SO that ' a 'current flows in the circuit. Let us 



‘ '' <■' Fig. 184 ' ‘ '' > 



suppose ( that j. the current flows from- Bj to A .through tte 
junction Q. In Fig* 184 (6) a battery is in the . circuit so that 
the rarrent (due to the battery) flows in the, same direction, 
«. e. from B to A throngb the junction Q* , But in this case the 
juaction.Q gets ^heated and the. junction P cooled. , , 

It may be noted that in -Peltier .effect, ns soon as '.the 
difference in temperature is created by the current trom me 


hattcrTr; a theririo-current tends to be’ produced by this differ- 
ence in temperature, ^fae difference in' temi^rattre produced 
in Peltier effect is "always su^ that' "the thermo-current 
produced thereby opposes the currerit from 'the battery.' 


Generation of beat in Peltier effect is' different from Joule 
heating (CH apter-'^ IX)' in ttw’o* respects ; first Joule 'heatmg 
is proportional to the square of the current, whereas Peltier 
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heating varies as the first power of the current ;; secondly. 
Joule heating is independent of the direction of the current, 
but Peltier effect depends upon the direction. 


Art 130 These two phenomena can be explained 

Expranatlon* on in terms of electron theoiy. "We have already 
electron theory that metals contain free electrons. 

;Thc: concentration ‘of., these electrons is different in different 
metals producing thereby difference in/:condnctivity "of the 
metals. Just aS; when two .gases at two different; pressnres 
^are brought together the pressure tends to-be equalised by the 


■flow of gas-molecules.from higher pressure' to.lower pressure. 



similarly.,'' when:, two. ..dissiniilar 
metals, are joined rAogtthai:. the 
concentration of electrons tends to 
be equalised by the flow of elec* 


Pig. I8S 


Irons from the higher concentration 
to the lower one. Thus if A has 


the greater concentration electrons flow from A to .B through 
the junctions: Now. a- metal containing 'free: electrons 'also 
contains some positive charges, so that as a whole the metal 
is neutral. “ If tbCTefore ‘electrons (which are negatively 
. charged particles) pass outirom A to E,r3 greduaUyracquires ' 
negative electricity-' and A is; gradually .charged ;positively. 
Henc6‘ ht' each junction the' two vrires : on the two; sides 
acquire positive and negative charges and n potratial differmice 
(contact E. M. E. or Peltier E. M. F.) is . gradually established. 
The flow, of electrons ia'.stojjped when the Mntact E. M. F. 
(which opposes the flow of Alectrons) is jnst suffidently large. 

When the two jenr^ons. arc., at the same temperature the 
two contact B- M. F.’s are equal and since they are oppositely 
directed there is no resultant E. M, F. in the circuit. If 
-however the icmper'ature of one of the jnnetiohs be changed 
the flow of electrohs at the junction is 'modified'; as - a re^lt 
the contact E- M.- F. is altered .'fend a current; is generated by 
the fdiultant E,' M.E. in the circuit. 


On the other, hand if a current be .pass^ irom . a battery 
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by inserting it in the circnit, the current passes down the 
polentiol gradient at one junction and up the the potential 
gradient at the other» At the former heat is evolved or 
temperature is raised ; at tbc latter heat is absorbed or 
temperature is lowered. Thus a difference of tempernlnre 
is created ^ 


Art 131 In 1851 8ir William Thomson (afterwards 

Thomson eWoct known as Lord Kelvin) applied the ideas of 
Thermodynamics to the thermo-couple. "So far we have seen 
that there arc two E. M. F.'s in the couple— the two Pelfier 
E. M. F.’s Ti and at the two junctions at temperatures Ti 
and Tt. Let us now suppose that a charge Q passes round the 
circuit, the charge 
passing from A to 
B through the hot 
junction Ti and Jet 
the Peltier E.M.P.’s 
bedirected as shown 
in the diagram. It ds known that energy (in the form of 
heat) is evolved at places where the charge flows down the 
potential gradient and is absorbed where the charge flows up 
the potential gradient. 'Hence at the junction Ti energy 
is evolved and at the junction Tj, energy JTjQ is absorbed, 
^ince according to the second Law o£ Thermodynamics the 
total change of entropy* is zero, we have 




itsQ r.iQ _ ^ 
Ts r Tj 


or 


£i_S.*0 

Tt Ti 


or 


.T, Ti 
jtj Ti 


* ft ♦ {a) 

il '• JT, ^ Ti 

’ if ^j and m be the only E. F-'s in the couple the 
resultant E. M. F. B -x* — If one of the junctions be ept 
at a fixed temperature Ti- the Peltier E. M- F. rrt at that 


• Entropy t* hc«t erolved or b«t absorbed divided 
ina tenjperatnre ; it if poiitlve in one « « ncgfl ve n e o 
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junction i3 also maintained constant. Hence from (o) it is 
seen that E is proportional to Ti-Ti. But. if the tempera- 
ture T» of the hot junction be gradually increased it is easily 
seen. by actual, experiment that the E. M. , E is not, propor- 
tional to the difference of temperature T*~Ti. Sir William 
Thomson therefore concluded that jti and ’fj are not . the only 
E. M. F.'s in the couple. He then postulated that in any wire 
if two points are at a difference of temperature dT, there 
exists an E. M.-Pi between those two points, equal to ° dT, 
<f being a constant for tbe metal. This phenomenon is known 
as Thomson effect. The constant is called Thomson 
coefficient. It is positive if the, higher temperature point is 
at a higher potential and-ncgatiyc if reverse is the case. For 
Cu, Sb, Ag, Cd, Zn etc. a is positive and for Fe, Pt, Bi, Co, 
Ni, Hg etc. ° is negative. For Pb is very approximately 
eqnal to zero. 


,, Thus if different . points of a wire for. which <r.is positive, 
be maintained at different, temperatures .and if, a current^ flows 
through the wire,, then in some, portion of tbe.^rc.thc current 
flows from the colder pari to the hotter part, «. «. flows .iiij 


''V' 

X',. J . : 


' ■ ' / . ’* nnf.i ' ‘ ^ ’ IJot' ‘ ‘ 


Cold ■ Hot ' cold 

Heat Heat 

.• absorl/od - evolved. 


Cold ■ Hbt Cold 

Heat •• ''-Heat-'' ' 

■ evolved s.i^.absoibed 


.o,^ve,.- ^ r , . ,;C — VC..,;. . . - 

, „ Flg.'lS?', 

the potential gradient ; heat is therefore absorbed , or tempera: 
turc lowered in this portion. In the other portion where the 
current flows from the hotter part to the colder part, it flows 
down the potehtiai gradient ;■ heat is'thercfore evolved or 
temperature raised in this portion. The reversh is the e^ffect 
for metals for which o is hegativex • . ' 
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> < Thomson's coefScient o is sonaetitnes called 

^^^'oliTctrlerty**^ »the Specific heat" of electricity. This , is only 
' r ' by wdy of analogy. - 




Consider "a narrow tube [ Fig. 188 (a) 3 through which a 
liquid of sp. heat « flows' vc^ ' slowly — so slowly that liquid 
acquires the ' temperature of the tube at every point.' If at 


T ' T+iT " ' 


; : .> 


J 

T "T-WT 


; i 

Lt— / 


r<^ 1 


^ Or) 


ir i : 


J . 


Fig. 188 


two points' the temperatures are malntaineh ’ at ^ and 
T+dT, the amount of "‘heat* 'energy requited wlien a unit 
mass- of 'th'e’^ liquid flows ^ from the" first point to the second, 
is-aiT.' ' ^ 

Consider now a wire t Fig. 188 ib) ], two points of which 
are similarly maintained at temperatures T and T + dT. 
According to Thomson the potential difference between these 
two points is^o^dT- Hence the work done or enejgy required 
■yhen a unit quantity of electricity flows from the first point 
to the second, is vdt. 

Thus 'in the first case, when a unit mass of liquid flows 
energy required is sdT ; in the second case', when a unit 
quantity of electricity flows, energy is ^^dT. In the first 
case ( is the specific heat of the liquid ; therefore in the 
seco'nd’ case by analogy, cr is called the specific heat of 
electricity. • ' ^ 

^ Art pz . A and B are two glass bulbs connected by 

Demonttratlon ^ narxov/ tube containing a - small rpellet of 
of Peltier effect ", _ ie so 

mercury. An iron copper couple is 
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arranged that the two jnnc- 
tions' are one in each bulb. 
At first, pressures of air rrithin 
the bulbs are equal and the 
pellet of 'mercury rests in the 
centre of the confiecting' tube, 
if now a current be passed by 
inVerting a /ceirin the circuit 
one' Bf the'" two 'junctions is 
heated and the -other cooled ; 
-as' a ' result; - the^rpt'eaBures of 
air .^within - the,- bulbs. Income 
unequal and the pellet begins 
to mqve^ along ^the .connecting 
tube. . Thus Peltier effect is 
demonstrated. 


A thick :iron rod is \bent at three' points" A, _B and 0. A 
Demonitratlon ^ placed in melting . ice and Bin 

of Thomson steam, Two small holes are drilled into the 
effect ; • 

, ' ' rbd-at points midway between A and B and 
between B and C.*^' These 
holes are filled with mercury ' 
and two, thermometer bulbs o c 
Ti and T* are immersed 
therein. At first the two, 
thermometers indicate ithe 
same temperature.- If novsf 
a current be passed through the rod in the ^’difectioh ' of the 
arrow, (o" for Febcing negative) heat is absorbed in AB.and 
evolved in BC. \ Tt now lecords a higher temperature than 
Ti, proving the existence of the ^homsbii effect. 



Art 133 The E. M. F. of.a thermo.couple between 

Law of Intcrme. • ^ ^ ^ , 

dUt« tempera.- ®ny two temperatures Ti audTais the sum 

i * of;two -E..M‘iF’s:of the same therino.couple 

between Ti and. an, intermediate > temperature.Ts :and between. 


Te and Ts.-.. Thus , 
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increases, reaches a njaximnin and then begins to decrease 
until at & certain temperature it is zero. Beyond this tem- 
perature the E. M. F. is reversed and goes on increasing in 
the reversed direction sdthout showing any sign of again 
coming to a maximum J 


E M F 



If the E. M. F. be plotted against the temperature of the 
hot junction a curve OABD is obtained, approximately of 
the shape of an inverted parabola. If, as is usually the case, 
the cold junction be at 0”C, the equation to the curve is 
approximately E=at + ht*, where a and 6 are two constants 
for the given couple. 

The temperature C at which the E. M. F. is maximum 
is called the neutral teraperatnre and the temperature B beyond 
which the E. M. F. is reversed, is known as the temperatore 
of rercrsal. If the cold junction be at any temperature higher 
than O’C the origin O is shifted: to O’ corresponding to the 
temperature Op of the cold junction. The curve is now 
so that the neutral temperature remafn*: unchanged 
but the temperature of reversal B' advances towards the 
neutral temperature by an amount Bg equal to Op the tempera- 
ture of the cold junction- 
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;■ N.~B. :{!)■ i TMe nentral tempti'aVtitO' is'iridependent of the'. 
cold;jmictioii (temperatare and ' lieSi^'midwdf -Between tbe- 
tcnsperaturc of reversal -and -tBejcoId junction teEnperaturc.-'"" 

; : (2) At neutral temperature E is maximum: ^and therefore 

, 

-^p-0, Hence differentiating + we have'a -f 2ii>-0 


or * *■ — " *r^rs is the neutral temperature and it can there- 
fore be determined when the constants a and h. are known- 

/’ ' '' 

Art 135 In a thermo couj)le we "have to ^ consider 
Peltier E. M. F.’s Secret at the two junctions >at temperatures 

r2.U ^ 

dT and / <T dT in the 

/ ?.) 

* . I 

two metals A and B-: Thus the resnirant E-M.F, in'thc circuit 
is given by ' [ see Fig- 19-3 3 


' ' r2 - 

Ts and Thomson E.M.F.‘s / 


1 I 

^2 ^2 

. I Al-dT-- I iff a )dT . , : '■ 
./ dT J A B , 

-• 1 ... ■ -• ■ • •>* 



dT”‘^dT-^' A- V 


dE 


(47o) , 


-43 

dT 


is called the thermo-electric power in the circuit 


'Xet’ a charge Q pass rbnnd the circuit, in , the clocicwisc 

diretobn [ Vide Fig. 193 ’ Then energy in the fortn t>{ best 

is evolved at places where 'the charge p^es down the poten- . 
tial gradient and is absorbed,'at .places where the charge flows.. 


• If the cold junction be maiDtalhed »t temperature other than y 
0*C the curve majp- still be repreaented by hut in this case 

t represents the excess of the temperature of the hot junction over that 
of the cotetone. It shonid'be remi^ber-ed tbaf this is only an approx 

mate equatioh-V Another- -■equation.'. logE*“a+6 logf has' alio b-cn 
sttggested ; hut this also represents the resnlts only=appfoxifflatcly.-,; 
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np the potential gradient. Thus at two junctions energy 

“jQ is cTolved at T* and energy t'iQ is absorbed at Tj. In the 

metals for every potential difference in metal A. 

is absorbed and for every potential difference ia 

the metal B, Qo’ dT is evolved. Since bv the second law of 
B 

2 


1 r 




’■ - : Fig. 193 • 

Thermodynamics, the total change of entropy is zero, we have 

' > 2 ' - /' 2 _ - 


iaQ f f 

T. “ Ti "/ ~T“ ~T^": 

^ ' f^c dT f^.a dT 

T* Ti ~J T r T 
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or 


^ ax . ,? 7 : 

VdT dT/y 


• from (47o) 


■»r-T 


dT 


( 48 ) 


Substituting this valucTof v in (47o) 

dT dT* dT \ ^ 


or 


<■' ■ «,d*E 

A , B . dT* 


(49) 


If the metal B be such that its Thomson coefficient is 
zero! we have 


*7. ... (49fl) 

Art 136 thermoi'eiectric power ^ ( “ P) for 

Thermo-electric , , 

diagram ^ny couple be, plotted against the tcmpera- 

. - , ture T-acurye — ^very- approximately a straights 


line — is obtained" Let us consider two points Ai and As on 



t Thomson coefficieut for Xcad is very approximately equal to zero,,.. 
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this curTtf, corresponding to temperatures Ti and Ts.-. From 
these points , drop perpendiculars AiBi and A»B* .to the 
temperature axis and ArCi and A»C» to the thermo-electric axis. 


Then 


OBi-Ti OBs“T* OCi = ri Oa-Pi. 


area 


OBi ArCx - PiTi - 

K-dTjz 


and area OBtA*C2‘=PsT» "^T— r— ^ 


Thus if the two junctions of the couple be maintained at 
temperatures Ti and T» ' ’ ; 


Peltier E.M.F. at Ti- 


Peltier E.M.F. at T* irj - ^T 


area OBiAiCi 
area OBtAiCs 


Alsoi Thomson E.M.I*'. 
2 




■ 2 ' 


2 - 


' . r 1 ' 1 » : 




-y^T.-^dT- J T dP-area AjCiC,A» 


I I • ■■■;. I ; ; ■ 

Hence resultant E.M.F. 



-area OB*A»Ci-arca OBiAiCi-area AiCjCtA*. 
“area AjBiBiAt. : , - 

Thus all the E. M. F.’s are represented by areas on this 
diagram. Such a diagram is called the thermo-electric 
. diagram for the couple. '' ' rr.< 
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- Since for lead is very api)TO«iniatcly eqnal to zero tlie 
therm b-clectric diagrams "for- different metals ' arc usually 
plotted with lead ^'s the 'other component of the couple/ We 



according as -r; is positive or negative, t. •). according as 
oi , ' 

the curve slopes upwards or downwards. Thus in Fig. 195 
for the metal A (sloping upwards) — is positive and hence a 
is positive ; and for the metal B’ { sloping db'^wards ) is 


negative because -rz; is negative. ,7 

“ i i . . . 

If a couple be formed with the. metals A and B, tiie 
junctions being maintained at temperatures Ti and T* (Vide 
Fig. 19y,;tfaen ^ ’■ ■ 


for j couple 

and for j ^ couple 


'eIm.f ]*=0rea AiAiTiTi 
E. M. F.’^area BiB»T*Ti .. . 
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Hetjce by the Law of Intermediate metal [Vide Art 133, 

A / 

equation (46)3, for the couple / 


° area BiBjTsTi - area AiAaTjTi 
“area BiBsAtAi 


If now the cold junction be maintained at Ti while the 
temperature of the hot junction is gradually increased, the 
area BiBsAaAi gradually increases and hence the E. M. B. 
also increases. This goes on until the point N is reached. 
Beyond this the E. M. F, diminishes ; for if we take a tem- 
perature Ts beyond N, the E. M. F. is the difference between 
the areas BjBsTaTi and AiAsTaTi *. e. the E. M. F. is equal 
to the difference between the two triangles NBjAi and NBsAs. 
Thus the, temperature Tn corresponding to the point N, gives 


ns the neutral temperature for 


the couple 


V 


B. 


The thcrnio-clectric'diagram therefore gives us all possible 
information with regard to thermo-electric effect. 

Tke thermo-electric potser of iron is 113i micro-volU per 
degree at 0’'G and 1247 at JO(fO,ihatof copper is 136 at O^O 
and 231 at lOCTC, Galsulaie the E- M. F- of an iron-copper 

* t * 

couple between the temperatures 0*C and 100° 0. 


It P represents the thermo-electric power at any tempera- 
ture Peltcr E. M. F. r*«TP and Thomson coefficient 


For the iron-copper couple, at 0*0 Po*" 173 4 — 136 “1598 
and at lOO'C Pi„ - 1247 - 231 - 1016. Hence at 0“05i -273 x 
1593'=436254 and at 100*0 v»-S73 x 1016-378968. " 

A—, r- . dP 1247-1734 „ 

Again, for iron — — - 4 87 and for copper 


dP 231-136 
dT*" . JOO 


Hence a (for iron)— -4’87T 

A ^ 
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«nd (for copper)- +0’95T.., r/. < 7 ^ r«f^- -6*82T. 


A B ■ 


378 


Hence f {a -a ) dT- / -6*82 TdT 
J A \ B, ^ 

I ; , ; ’ ■ :;278-' , , ; \ ' ' 

' 378 ’ ' ‘ 

--6*82j^^j-- 187986 

_ _ 273, 7' 

,% , Reqaired E. M. F.-wt-wi- / {a -a )dT 

7, . " ' ' y ■ A B 

. .-I ; ;TC r“ -o:*' > ' 1 

' -878968“436264+1879^^^ - - < * 

• • ■ 130700 'micro-volts— 0*181 Volt ' 

This prohlem can, also be solved with the help of thermo- 
, electric diagram. 7." ' 


. ./i 


in Fig.' 198 Ti repre- _ 
sents 0*C and T 2 100 C. 
Hence ATirl734. DT* 
-1247.' ' ' ' .f’-, 7 . 7 r.^; 

BTj-136, CT*-28i 
and TiTi-iqO. J ., 

Hence" E.M.P. , — area 7 ' 
ABCD -area' ATiTtD - ' 
areaBTiTfC 

Brit area ATxTtp. 

—area AdD+areaDTiTid 


^ -r . ! I 


; ; 


r.'. ■; 


A 


.A 

S f 





- : • ■■ 

:'0 

J-' 




.rig. 196, 


Temyt 


=i;X 100 X (1734 -1247) + 100x1247-149060. 

And area BTxTiC — area B6C+ area BTiTjb; 

X loo'x (231 7l36)+'i00 x 136-18360.' , 
HenteE. m7'F.^7149^^^^^ ' 7 . 77 ' 

— 130700 micrd-voits — 0* 1 3 1 volt. 

Ar|137 : Applications of themo^iectrlc phenomena - / 

1. TTicrmo-wnple. r ^ 

The thermo-couple cnakes tm to ineasure' ah unknown 
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temperature. The E. M. F. generated in a thermo-couple can 
easily be measured by a potentiometer. The couple is connec- 
ted to the potentiometer wire AB as shown in the diagram. 
The temperature Ti ot one of the junctions is maintained 
at O’C by placing the junction in melting ice. The temperature 



Fig. 197 


Tj of the hot function 
is , gradually increased 
by placing the junction 
in a suitable bath. . For 
any temperature of the 
hot junction the null 
point C is obtained on 
the potentiometer wire. 


If the potential drop V per unit length of the potentiometer 
wire be previously measured and if the length AC be equal to 
■I the E. M. F. of the couple is equal to IV. Thus the E. M. F. 


generated in the thermo-couple corresponding to any tempera- 
ture of the hot -junction is measured. An approximate formula 
connecting . the E. M. F. and the temperature (of the hot June, 
tion) is then used. Both the equations E“* at + 6l* and log E 
- o log 1 + & are sufficiently accurate for the purpose. The hot 
junction is successively placed at two known fixed tempera- 
tures and the corresponding -E. M. F.’s are measured. Substi- 
tuting these values in any of the above equations two equations 
are obtained from which the constants a' and /i* maybe 
solved for. Afterwards the B. M, F. corresponding^tb- any 
unknown temperature being measured, the unknown tempera- 
ture itself may be determined. ' > , , , 

The range of temperature which can • be measured by a 
thermo-couple is extremely * 'wide — approximately from 
-200*C to about IfiOO’C. For temperatures up to 300*^0 an 
iron constantan conpie or a copper-constantan couple is 
extremely satisfactory ; for they develop quite a large E. M. F. 
— about 40 to 60 microvolts per degree difference. - For high 
temperatures these base -metals quickly get oxidised > and 
cannot therefore he used. . A nickel-iron couple may be used 
up to 6QQ*C ; but beyond this tempemtuxe » couple of plati- 
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? num^and an alloy .''of platinutti''wittf iVidium - or rlio'dium must 

'.’•bc used. '■ >. r, -, 'J ■, jv",--' •; 

• '2,''‘'Tberinb-Pile.'''" '■■■' 

k^nerated lu a single thcVrab-cptipie is 
' tisuairy ^ery small-^of'the “order ‘'of ' a few ' micto’^volts; 'it 
‘ may however;/, be. multiplied-, hy 

having a number /of couples in 
series. Two sets of ’bars’ ‘of dissi- 
milar metalp“ (iisually’^ Aiitimony 
and Bismu^). are joined .alterna- 
tely end to end.'' One 'set ’of junc- 
tions is exposed' toi-some radatioa, 
the other set being kept protected 
‘ by -a' metalHcVcbvef.- :Dufe -tb' the 
'radiMtiori ■ • the ^ fethpef ature / iof ' ithe 
increased;' ' ''A''' chrr'^nt ' 'is*' - therefore 



, -Pig ;, 198 ( 


’ 'csposed' 'jbhetion is 
'■'ll'eucratcd ''in Cacb'^'fcouplc 'in ' the •siiidt'>dircdfioh -alh'these 
"currents ^afe ddded ‘ tip and * 'a fairly iJt'rong 'current • m ay- ■ be 
/'ioidde to pa^^ss through ahy'sehsitive gal van bin etch ".Thus" even 
Vfaint radiation ma'y be ‘cietected and' mcasuiredfby’this ihstrn- 

‘iuent' Suctf an ins^'rnent is known^ai- th'erihb-pile. ‘‘ <■ ' 

■yr." r.-! ''.'io:-.:- -rrijj. k; '’r 

. ,, 3. Radicnmlcronietcf.;. 

. •C..V,'.Boy.’s'.radio-micr6tneterpiS;ta more, sepsitiye instru- 
fnent ; bcrelni the' thermo-couple ,ahd/;.the,,galyanometer,.are 
cbmbined rinto , one'iustrumcnt. e. .Bet ween... tbe*^ twp„poles,.of 
'a .powerful.-horse-shoc-magnet -a ycitical 4pqp ,pf. copper .wire 
is suspended by a quartz fibre;.- 
The stwor tcrminals'of the.' loop, are; 

.jolncdi'o two small; bars jof Sb,; and 
.-Bi- soldered.ritogether.at. ’tbfr" tips.} 

; Radiation incident 'on>this-.junction 
- raiSes ihe teinper.ature.iiThe current's 
.fthtls*" generated.^ JBlows through dfae- 
' loop which S is itberefbre deflected.. I'j.ti 
;.by’ the ..■niegnetic;field'»T'-*'A':6maILf!;'’. 
ihirror M attached .'..in^to ^itheVo^ . 'PigMW.' 
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quartz fibre and the usual lamp and scale arrangement is 
made to measure the deflection. The instrument is so 
sensitive that an appreciable deflection is produced by the 
quantity of heat equal to that received by i 4 anna piece 
placed at a distance of 1500 ft from a candle- _ 


4. Thermo-Galvanometer, • 

Boys' radio-micrometer has been modified by Duddell to 
form a thermo-galvanometer. Unlike thcrmo-piiu and fadio- 
‘ micrometer this instrument measures a current. A loop' of 
silver wire hangs between the poles of a horse shoe magnet. 

. As in .radio-micrometer two bars of 'Sb and Bi are attached 

to the two terminals of the loop 
1 ‘ ’ and the tips' ’ of the Ws are 

, . I. . . ® , , soidcf^ed. Just below the junction 

T ® placed, through which the 

/- ^ ^ current to be measured is passrf. 

^ '/ This wire is ■ technically Icnown 

, ^ ^ ® . as. , a ‘heater’., - The. 'heater, gets 

p heated by the current and radiation 

‘ II - 'from it is.; incident, on, the Bi-Sb 

: y % junction. " A current is therefore 

'v - generated . in the , loop, which, is 

; ■ ' ; ■; 'Consequently .deflected,-, -by . .the 

»■ > -* ^ ■' • magnetic field.,. The ‘heaters', are 

.1 Fig.' 200 . <; made of various resistances ranging 

1 - from 4 ohms to .1000 ohms. In the . 

; case of lower resistances rnetalHc -wires . are. used,, whereas 
^deposit of -platinum on quartz is used^ for beaters of ■' 

' resistances. , 
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rlS'fri r-..r. ExerclsetjXIVf>'- 
,5iiT 


cv.n rc! 


, .,i* , 'S^ri^bliott n'ofcos ,bp Thoinaori efiedt'.’o! 

, Ddabribe an exporlmeb^ io^ilinalrate t^^^ eWdot." ' '%b,y U 
Thbmeon ooe£3oient Bometlmee . „ called opeoifio ' boaii "of 
eleofcrioity ? "• '■• 

2. Deaocibo a The!:mo-galy,e,p.oiaetec.;t?:In v?fty U it 
different -from, an ordinary, galvanometer 7 . 

..3. . Explain the thermoToleotrio power and thermo-eleotrlo 
.diagram and ahow how Peltier, B. M, F., Thomson E.'M.' F., 

.‘W Ji .;>?;>< /" -y.i-i j:' ilCiS 

^Nentral temparatare, temperatnre.of reversal can all, Ira repre* 

u,. ■;.*•, Ui-''. So ev;f..Cs Vf.; fr:-'V r.^rn’r? 

. sented in the .tborm 0 ';eleotrlo diagram. . - 

,•;■ • v{- ;U , t'-'- t'o o's.' r' . 

, .4. W.hat ,i8 ,a thermo pile ? , A oorront from a battery is 
passed for 8omotimo.^throngh a thermo.pile. Immediately after* 
wards the battery ie removed , and the thermo pile is oonneoted 
'to' V galva'nometor. ' The galvanometer shows Vome defiootlon 
''whl’dtii gwdn'aliV^Jod off;'^ feV»in‘'thiB:-r;c-r.'n ! ' pc^-sr.'; 


'B. M. F. de^voibpdd 'ih^^h'e cbtiple'i^ 851 mierb-v'oiM jwhcn the 
other ■jandti^‘‘^'ii''ftt' lOO'Ci 'aniid ; 1336 ''miolilorvolts i^^eh^, the 
other tomporaSnbo is SOO^O.^ 'iisBDmiDg the relation E^fif+ci*. 
palohlatd the] neht'ral'^ tefhperal&re and the_,..t^fierstnre of 
'rdverstil for’ tn<fbbtipld.*^^’Hhw wb'dld these he altered jit the cold 
' jimotlbn bh maintained ‘at ^O'O ahd not at 0*0. 

^F'‘:^^"‘-'!A^h?‘''‘'282"50' ; 665“a ;i282!50 ; 546*0. 

'' 6. ThA ’tiiermo eldhlro’mbtivd foroe in a therino eleotr/o 



in\- 

jabotion, the other jnnotion being maintained at 0*0.-D6lerrolne 
'the snentral ;: temperature;; an^H the te.mper aturci jof, reversal for 
.'the olronlt. -If^ < w 100^0; find #«;fThom 80 p,,B. 

;pirpnlt and also^the Peltier- 

; hence tho;,'total“Eii'M4'Fv.ln>the-,oironit,n3.f!',>r;s/7 . 

; • oj ; Ano.v;847rO ;.694*G-: -J615MY ^4W.5,5/*T s,-, 
4608‘66MV ; l485f»V 



HIntu: -^PeUlerB. M. ' 

, » 1 ^ i ' * ' ' ^ ' 

/. sri - 278 X 17'S6 ; r.t - 873 ( 17'36 - O'OSO x 100 ) 

ThomBon Ooefi tf*"T ■* t|^*“ -O'OSOT 

378 

.-. ThoiDBon E. M. F.“ - r 0*060 TdT“ ^ 0*025 (873* - 278*) 
273 

C U. Qnwtlons 

1964. Explain whafc you understand by (a) Peltier efleot 
(6) Thoraeon effeot. 

Dscoriba -an oxperimont to determine the temperature of » 
liquid bath utUioing any of tho above effects. 

1964. Write notes on ‘'Thormo-elootrie Soobeokeffeet". 

1966. Show that tho Peltier CoefiBoient at a given junc- 
tion Ib the product of the absolute temperature nod the rate 
of ohnngo of the total E. M. F. in the oironit with tom- 
porature. 

The E. M. F' of a thermo couple one junction of which 
is at 0*0 is given by B'”at+!i»{®, Determine the Peltier and 
Thomson codEoients. 

1966 Write notes on "Peltier efTeot.’' 

I96K, Write notes on "Thermo-electric efTects*’ 

1969. What do you understand by neutral temperature and 
thermoelectric power of a thermocouple ? Describe briefly Peltier 
Effect and how it can be demonstrated. 

The EM.F. of a simple thermo-electric circuit, one junction 
of which is heated while the other is kept at 0‘C, is given by 
E«bt-t- cl- where t is the temperature of the hot junction. 
Determine the neutral temperature of the couple and Peltier and 
Thomson coefficients. 

1972. Explain the following terms : Seebeck effect, Peltier 
and Thompson effects, thermoelectric power and inversion 
point. 



2M 

Describe a ,thernio*couplc and explain; how a'difference-bf- 
temperaturc is measured with the instrument. 



• : CHAPTER^XV "' • • 

magnetic i?7Dt?cTipi?»/rHH0sy pp magnetism:.,.....;, 

Art ’ In a magnet the intensity of ina^etisation* is ' 

defined to be the magnetic moment per hnit vblnmer Thns if 

I; be the intensity of magnetisation •werhave -I t .-Bpt mag- 
netic moment M*"fn x I, where n is the pole strength and' I is 
the Icng^l of the ma^et. Heiice 1'“:^ — '“' where A ipthe 

area, of -cross section. Thns the, intensity of magnetisation may 

also be defined as the pole strength per unit area; ' 

If we place a soft iron rodiln a -magnetic field-of strength, 
H the rod is magnetised by indnetion.: The intensity at any 
point ’A outside the tod therefore depends bn the' exTernal 
field H and - also on the field due to the two poles induced in 



the rod. -This is true for all points ovtsidt the rod. . Jf .we 
howerer want to determine the intensity.at any point fawd#.- 
the rod, the problem becomes much, more -complicated. * . For,, 
intensity at a point'means force experienced by a. unit North - 
pole placed" at that point ; in order. to determine the. intensity., ; 

• Inteniity of Jaepoetisstion mnit nbt bti' cdnfnied with loteiiglty" 

or Field many pblnt. '■ ‘ .''"r: 

I ■ Slrietty apeakbir. I U the dUiancb belwe^'the j^dlea. ' ’ ' ^ " ' 
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at a point within the rod we must place a unit North pole at 
that point and in order to placd the unit pole we must make 
a hole in the rod. The shape and size“of the hole mate the 
problem complicated* "We know that if the iron rod 
(magnetised by induction) be broken into two pieces, each of 
the two poitions is itself a magnet, », o. poles are induced at 
the face where the rod is, broken. In a similar way if a hole, 
be made inside the rod poles are also induced on the surface 
of the hole. These ' poles also create a field at the point ' 
within the hole. - ^ 


Let us consider two extreme cases. First consider a hole 
whose length 21 is very large when compared to its cross 

- section a. Then poles of strength 
lof are induced on the end faces 
* of the hole.' These poles produce 

an intensity at the centre 

‘ . and ’the .'total intensity at the 
point is therefore equal to 


H 



Fig, 202 


H + 


2Ta 


But I being very large in comparison to cc> wc may 


neglect Thus the field, is 'simply H the same as the 

external field. ’ ■ ' 


The 


We next consider a hole whose cross-section is very large 
in comparison to the length North and South pole.s of 
strength I per unit area are induced on the end faces, 
case is analogous to a parallel 
plate condenser whose plates ' 
have a surface density We 
know that (be electric intensity 
at nny point inside the condenser 
is Atzo. In ’a -similar way the " 

magnetic intensity at any point , , 

inside our hole is 4^’’!. Hence the re.sultant intensity^ at ^ the 
point is H + 4a'L ^ This is called magnetic induction and is 
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denoted by the letter B Thus 
B"H + 4rf 


(50) 


We have considered two extreme cases ; if the hole be 
of any other shape the resultant intensity will have other 
values lying intermediate between H and H + 4vl. 

Dividing (SO) by H we have 

i 

„ 1 + 4r i \ 

H H‘ 

B ‘ I ’ 

— is called permtability p- and — is known as suscep- 


H 

tibility k- 


H 


Art 139 

Hysterotit 


fi.‘=‘l+ink (SOo) 

It is obvious that induced magnetism in the 
rod depends on the strength of the external 
field, i, e. 1 depends on H. If we measure 1 for different 
values of H and polt I against H a peculiar curve is obtained. 
Starting from the origin 0 the curve traces the line Oab for 
increasing values of H and beyond b it follows the path bo 
parallel to H axis. This shows that for a particular value^ of 
H corresponding to the point b, 1 becomes maximum ; or, in 
other words magnetism in the yod becomes saturated. If we 

i 1 f 

now slowly decrease the strength of H the curve separates 
from the original path at b,and ultimately cuts the I axis at d. 
Od is therefore the value of I retained when the external field 
is gone. This is what is known as residual mognettsm. If now 
the erlernal field be reversed and gradually increased in the 
reversed direction, magnetism is at first completely lost at e 
and again ultimately becomes maximum in the reversed direc- 
tion (« e. with induced polarity reversed) at / Oa — the value 
of H necessary to destroy the residual magnetism, is called 
coercive force. From / the curve passes along the path / {f ft 6 
V. hen the field Is again gradually increased in the forward 
direction. Thus the substance is made to follow the cyclic 
path. This phenomenon is known as Hysteresis and the cycle ' 
is known as the cycle of Hysteresis. 
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Art 140 We 'Will flow prove that if a magnetic 

Work done ' ' substaoce be ‘trikeh bhce round a 'hysteresis 
cycle work done thereby per unit volume of the substance is 
cquak to' the area of ' the Hysteresis loop.* 'At ^ any' 
during the process of magnctiiatipn 'suppose an' eltmenta^^ 
magnet (within the substatice) of moment m’i^ bnented'at an' 
angle 6 with the direction of the ‘extcrnarfield H.' . ' Componbnt 
of this 'tn' along H is m cos O'aad that perpendicular to H is 
m sin 0, Since by the application of the held H ''intensity of 
magnetisation is manifested only in the direction ofH, ■we 
have ■ ^ 

... y , («) 

; ^.and • , .S ,m.swO*T,0 .. 

. where the sutnination is ,cxtendcd;;oVer;/ all .mPlecules in a 
unit volume, r.o ■■■'.. 'i i 

Differentiating (a) X m'sin O'dO'^dl, 
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Now the couple on the elementary magnet is viB. sin 0 
[ vide (9) Art 7 ], To rotate it further through an angle d6 in 
the direction of H, t. e. to change the orientation ® by an 
amount -d®, 

work done« -m H sin 6 dO. 

Hence for all elementary magnets in a unit volume 
work done« - Sm H sin 6 dG. 

^ •=■ H X — 2 m sin ^ dO, 

dT. 


for a complete cycle, 


total work donc'^ 



— area of Hysteresis Loop. 

i 

Thus if a specimen be taken round a complete cycle work 
done per unit volume is equal to tboj area of the hysteresis 
loop. Energy thus spent is a loss and is known as hysteresis 
loss. This energy is usually converted into heat which raises 
the temperature of the specimen. If^ a rapidly varying 
alternating current be passed through the coil of an 
electromagnet the core within is taken rapidly through 
complete cycles ; the temperature of the core therefore rises. 

If we plot B against H w* obtain a similar hysteresis 
loop ; but the area of this loop is bigger than I - H loop. For, 
' ■ B-H + 4VL " ' ' ' 

Multiplying by dH. BdH-HdH + 4a:IdH. ' ' 


y BdH- y* HdH + 45r dK 
But j " HdH represents the area of the loop when 'H is 


plotted against H. Obviously the curve in this case is a 
straight line. There being no loop at all the area is zero. 


Hence 




t. e, the area of the B-H loop is i- times that of the I-H 
loop. 
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PJg. 205, 


Art 141- 'Since it is -obvious - that; if . B' be 

pIotted,,against H ,a curve-, is. obtained similar in shape to 
I-H curve but as ^ alwayts increases with H,^~thc curve nevtr- 

becoroes bprizpntaL 
r • -If we,-plot the^perme- 
ability - against^ H 
. 1 ''iwe,.. obtain- p curve 
. similar to that given 
in,. Fig, 205. With 
increasing - values of 
H, B at first increases 
much 'more rapidly 
than H ; // (which 
represents the ratio of 
B to H) therefore increases rapidly at first but afterwards' as 
I attains the saturation -value the cnrve>-H bends down and- 
is ultimately assymptotic to a line parallel to H-azis,'; 'i .'l' 

Hysteresis curve for'different'spcciraens'bf 'iron, ' although 
agreeing generally' in' the main 'appearance, diffef'froin one' 
another in many’ important points! '' 'Curves for soft ;irbn'‘and' 
steel arc'stib'wn in Fig* 206; ' These 'curves clearly 'Bring "but 
the following points' of difference in th'e properties' of soft' 
iron'hnd steel'i— ' ■ ' •' 

(1) Maximum induction (». .a/ saturation value of B) is 
greater in soft iron than in steeh --y- r: 

(2) Residual magnetism is higher in the case of soft iron 
than in the caS'e of steel. 

(3) Steel has coercive force much greater than that of 

soft iron. -n ■- ■! -- ■; 


_ The, harder fhe substance., the less Is.the Tesi.duab 
magnetism and the greater the coercive force. ^ . 

(4) The area of the loop and honce hysteresis loss are 
smaller for soft iron than for steel , <~ 
Such curves as shown in Fig 206 give us most of the infor- 
mations ' by which 'materials; dor different :purposes;may. be 
selected. " 



293 


© 



which .(l) hysteresis is minimum and' (2) a 


electromsgnet ■ maximum inducticu is obtained ■.with a 
' - comparatively small magnetising' field. Soft 
iron satisfies both thcse’condltions and' is therefore the most 
suitable material for this purjjosc. ' " 

In the case of transformer cores, telephone diaphragms 
and cores, of dynamo coils, the ■ specimen ' is ' taken rapidly 
through hysteresis cycles ; essential cOn- 
dllphrcamcte ditions are therefore (l) small' hysteresis loss 
. i and (2) latge ■ initial permeability for small 

fields, Soft iron is thus more suitable for this purpose also 
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than steel. An alloy known as “transformer steel’’ is obtained 
by mixing iron with 4% silicon ; this has a large initial per- 
meability and is therefore more suitable for transformer cores 
and telephone diaphragms : bnl as its permeability for greater 
fields is less than that of iron, it is less satisfactory than pure 
iron for the cores of dynamo coils. An alloy (known as 
Permalloy) containing 22% Fc and 78% Ni has a very high 
initial permeability for extremely weak fields ; these 


alloys are being extensively used in modern engineering 
instruments. ‘ ' 

To construct permanent magnets wc require a material 
having (l) high residual magnetism and (2) high cocrcivity. 

Hysteresis loss is of no consideration in this 
magnet fof the specimen is never likely to 

undergo a complete cycle. Coercive force for 
steel is extremely high and , residual magnetism Is also not 
insignificant. Steel is therefore more* "suitable than soft iron. 
An alloy known as “Alnico” containing about 18% Nl, 10% 
AI, 12% Co, 6% Gu, and 54% Fe'has a coercive force about 12 
times as large as that of ordinary steel. This excellent 
material is however very hard and brittle so that it cannot 
be bent and drilled satisfactorily. ' - 

It is a well known fact that when a magnet 
Art. 142 jg broken into two parts each of the two com- 

Magnetlim ponents is itself a magnet withlwo poles at the 

f . two ends. J This process of breaking up can be 

continued (at least theoretically) till the component parts arc 
individual (atoms which . cannot be broken up any further. 
We must therefore conclude that individual atoms of a 
magnetic substance are themselves elemc'htary magnets. In 
any unmagnotised substance these atom's or elementary 
magnets ate promiscuously oriented sb that along any direc- 
tion the effect due to N poles being exactly counterbalanced 
by that due _to B poles .the total effect is nil. With the 

application of an external -field however the atoms >gradually 

tend to orient themselves along the direction of the field so 
that a net effect is produced, or in’ other words the ’substance 
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is magnetised along this direction. As the magnetising field 
is gradually increased the atoms rotate more and more along 
the direction of the field, *. t. Intensity of magnetisation I 
gradually, increases. When the _field^ H Is sufficiently large 
all the atoms orient themselves along this external field and 
I becomes maximum. Further increase in H cannot obviously 
produce any more increase in I. Thus the phenomenon of 
magnetic saturation is satisfactorily explained on this simple 
theory. Difficulty comes in when we attempt to explain 
residual magnetism and other facts connected with Hysteresis. 
When atoms rotate by the application of an external field wc 
must assume that there is some opposing or restoring„conple ; 
for otherwise the atoms would at once rotate completely by 
the application pf even a very weak external field., Obviously 
this is not the case. What is theref ore the nature of the 
opposing couple and what is its origin ? 

Maxwell suggested that this opposing couple fwhich may 
also be called restoring couple) is analogous to stresses 
generated in a strained solid. For a" weak external field the 
rotation of the atoms is small and when, the field is removed 
the restoring conple brings back the atom to their original 
positions ^ When however the field is large the rotation of 
the atoms exceeds a certain limit (corresponding to elastic 
_}imit) and the restoration is not complete even when the 
external ,ficld is altogether removed ^ the phenomenon of 
residual magnetism is thus exhibited. This theory , however 
does not explain the complete phcuomcnon of Hysteresis 
satisfactorily. ■ Wiedemann supposed that the opposing couple 
is of the nature of friction. This theory although explaining 
residual magnetism, breaks down, on the ground that on this 
theory a certain minimum value of the field is necessary to 
overcome this frictional couple and a very weak field therefore 
will not be able to magnetise a substance. Lord Rayleigh ou 
the other hand showed that the intensity of, magnetisation is 
not zero even when the magnetising field is extremely weak. 

Ewins’s The theory generally accepted as correct 

Theory given by Sir J. A. Ewing. According 
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to him the opposing couple on any atom 5s entirely due to 
the action of neighbouring atoms. In the absence of any 
external field the elementary magnets mutually react on one 
another and hold themselves in some equilibrium position so 
that they are oriented in all possible directions. With the 
application of weak external field the magnets arc turned 
slightly. As the applied field increases in strength an unstable 
mutual arrangement is reached which suddenly passes on to 
a more stable arrangement producing proportionately a large 
increase in the intensity ot magnetisation. After this state Ihc 
process is not reversible, i.e. residual magnetism is manifested 
when the external field Is removed. Finally when the external 
field has become sufficiently large all the' magnets are arranged 
parallel to the field. 'Ewing has tested his theory by experi- 
ments with a model of 24 small magnets. He showed that 
all the phenomena of Hysteresis are exhibited by this model 
when an external ' field acting on these magnets is gradually 
altered, 

' •'The question still remains as to why an 
atom of a" magnet should itself behave as a 
magnet,' According to modern ideas each atom 
consists of a positively charged nucleus round 
' which a number of electrons rotate. ' Fofation 
of these electrons’ constitutes electric currents which produce 
the necessary' magnetic effect. This however implies that all 
substances sfiould have some magnetic effect because within 
the atoms of all substances there are electrons rotating round 
the centre. Recent investigation has shown that this is really 
so. All substances when placed in a magnetic field exhibit 
magnetic effect to a greater or lesser extent. 

So far as magnetism ’ is concerned substahees have been 
kroahly divided into two classes (o) Tara-magnetic and {b) 
Eia-raagnctlc, In a non-homogcneoiis external magnetic field 
certain substances have a tendency to move from the weaker 
field to the stronger field, as if they arc attracted by the 
external magnet while others behave exactly in the opposite 
v/ay. Paramagnetic substances belong to the former class and 


Art 143 
Paramag- 
netic and 
Oiamag- 
nhtlc 

-sabstancQS 
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Diatnngnetic substances to the latter. Within the paramagnetic 
group there are a few substances, Iron, Cobalt 
'^'VubsunceV' Nickel etc., for which the effect is much 
more pronounced than in the case of other 
substances. These have been classified into a separate group 
and are known as Ferromagnetic substances. - - 

Examples of paramagnetic substances are 

Examples Aluminium,'' Tin, Sodium, Magnesium, Air, 

^ Oxrgcn,ctc. The susceptibility fc for papmag- 

netic substances is independent of the magnetic field but 
decreases with the rise of .temperature. For most of these 

Effect of substances Curie-Weiss Law is 

I- temperature - ' ' , , - 

found to be true where C and 0 are two 

, constants foi; the given substance and T, is absolute tempera- 
ture. Bismuth, Gold, Copper, Sulphur, Mercuiy, Water etc, 
are examples of diamagnetic substances, fcfor these substances 
is independent of the field as well ^ 

as of the temperature. The effect 
of temperature on Ferromagnetism 
is however complicated ; it ■ has 
been discussed in the next article.-- 
The difference in behaviour ■ 
between the two classes was first 
systematically studied by Faraday. 

A small thin rod made of a solid* 
substance (whose magnetic 
behaviour .is to be tested ) - was — 
suspended by a thin thread between 
the pointed pole pieces of a 
powerful electromagnet. If the ’ Fig. 207 
substance was paramagnetic the rod set itself along the line 
joining the pole pieces ; if the'substance was diamagnetic the 
rod was perpendicular to this line. 

• Here fcveprexent* aniceptibility for unit mass, i,e. wUcrel 

« s. 

U inteneity of magneUlxtioa per unit mass, ^ : 
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To test the natarc of a; liquid ..substance a small , quantity 
of the liquid was taken in a .watch -glass resting upon the 



' Fig.: 208 . 


pole^pieces of a’ ’powerful' clcctrbbVgnVt. In the case of 
paramognctie substances small 'elevations ''appeared 'in 
consequence of magnetic attraction— above the poles. In the 
case of a diamagnetic Hqnid the repnlsion gave rise,, to small 
depressions above the poles with a corresponding elevation 
’ between them. ‘ ' ■ ' 

Art 144 / The’’ ' susceptibility 'of'-' a ferro-magnctic 

Effect of ' substance depends’ largely on temperature, 
temperature effect however Is' dejpendent ’ bn tljc 



strength ■ of the held as well. : For we.nk fields- snscepf lhility 
increases with temperature ; reverse, is the case when the 
field is strong! Thus.^in Fig. 209 when H ,is small the 
intensity of magnetisation I , increases , yrith . increasing 
temperature. Bat for large values of H I is smaller for higher 
temperatures. Thus the maximum value of I (saturatiou value) 

is less at higher temperature than at lower one. 



299 


A"; the tcmpcrataTe is raised a peculiar pbeaomenojti is 
observed with iron at about 7S5*C. For weak fields the 
substance is highly tnagueiic just before this temperature 
but as soon as this temperature is reached the substance 
suddeniy becomes practica/fy non-maguetic. This is shown 
in Fig. 2l0, where (i is plotted against temperature. JPor 
large fields the effect is gradual and not so sudden until 



finally at this temperature 785*C the substance becomes almost 
non-magncUc. Thus whether the field as high or low all 
magnetic properties vanish at this temperature. This critical 
temperature is known as Carte point. ' 


That some important molecular changes take place at this 
temperature is also evident from the fad that ibis is also the 
temperature of recalescence. i. „t this temperature a mass 
of cooling iron suddenly' begins to glow again ; as soon as 
this temperature Is passed the glowing vanishes. 

It is also found that above this temperature ferromagnetics 
Paramagnctics obeying Corie WcLs Law. 
fi, discuss a method of measuring 

lor a given specimen of iron. 
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PM. If this be at 


intensity is I« < *1 — ' J- along 

right angles to the Earth's horizontal component H' the needle 
rotates through an angle 0 given by ' 

tan0--~ { 

In this equation all the quantities excepting I are 
meastlrable ; Hence I is determined- ' 

To find the magnetising field dne to the solenoidal current 
an 'ammeter A. is placed in series "with the solenoid. The 
current being measured by the ammeter the magnetising field 
within the solenoid is given by H^4rni, where n^'is the 
number of turns ..of the solenoid per unit length. Thus H is 
determined. - ' r - 

By altering the resistance R the current strength t and 
hence the field .strength H are altered and corresponding 
•values of I are measured. Thus sets of values of I nnd H are 
obtained for direct and reverse currents the complete 
hysteresis curve may therefore be plotted. At any stage ''the 

ratio / gives the value of the corresponding susceptibility. 

And knowing the susceptibility k the permeability fi 'may be 
obtained from the relation /«'=’l+4irfc, ,> ^ - t 

Fe-ve-al saarces of error most ijc eliminsted before 
correct result c»D be'obUined ' * 

First the rod being pieced verticelly is megnetised by the earth’s 
Vertical component. This produces some effect on the magnetometer 
needle. To eliminate this a -vertical circnlsr coil Cj is placed with its 
axis passing through the needle. The rod PQ being magnetised by the 
Earlh'a vertical component a small deflection of the magnetometer 
needle is produced even when the solenoidal current is zero. The 
Current in C| is adjusted until this deflection of the needle is destroyed. 
This current is maintained constant thronghont the experiment. 

Secondly the solenoid itself behaves as a magnet when a current 
passes throngh it ; this produces a deflection of the magnetometer 
needle. To eliminate Ibis a second vertical coil C* (also with its axis 
passing through the needle) is used in scries -svith the solenoid. The 


Sources of error 
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rod is first removed from within Ithe solenoid and ’a cnrrent- is, pasted. 
The distance of the coil Cs from the needle is adjusted nritil the effect 
on the needle due to the solenoid is exactij connterbalsnced hy thst due 
to the:coil,’t. c. * nntil 'the” needle is 'hfdngiit-'back' fo* its nndlsinr^ed 
position. It is obvions that once this.balancing> is made'for 'anjf'cn'nrctit 

it holds good for all currents. • ■ ■ 

. j ■ ; J , 

ExerolU XV . 

1. DeSne the teraiB ; magnetio indriotiou (B), iatensity of 
magnetisation (I), magnetlov ' force (H); 'permeability (ft) Uni 
ans'oeptibility (fc). Bhow;thaS ' 0;TJ. 1954. ' 

- ,2. 'iln lyrhat.reBpeotsjdo.tbe magnetid ^properties of iron: and' 
fiteel diSer , Define tbe t'erms' Intensity of .magnetisation (!) 
Induction (B) atadrHagnetio force' (H)i 'Hdw^do yon obtain the 
relation + What Ifl the general character of the 

tnagnetioipernieabilityfof iron in strong fields ■ . ;0. D. 1949. 

.< .3. ;WhBt: isi meant iby 'hyatereBis'iand aj'cyoIe'of niagneti-'t 
sation* ? - Draw the hysteresis - curve ' for ■ (a) isoft iron' :and 
(6)'-Bteel.'j ' N-’-.-ti,--; 

.'Prove that the area' of tfae3-H curve denotes 4’’’ times the • 


energy, dlssiijated per o. o. of the, magnetic substapoe during . 
each cycle of magnetisation, ' 

i 4. Show, that .when a'8fieoimeh''i8’'taken- ronbd.a'complete- 
hysteresis cycle work done per 'c/o, ^ of : the specimen is.' equal , 
to the area of the I-H loop,.:. ^ .. . . : 

An alternating current:, of, ...lOO cycles c per,- 8?c Is' passed 
through an electromagnet, Oaloulate ’the: rise in temperature 
of the iron inside the electromagnet' in' one' minute 'fsssuming 
that there is nb loss of heat) from the following data—- 
,,, Area of, the hysteresis loop— 50,000. ; 

. . Bp. heat of iron - 0:12 and DeDBity^ot iron T 77, 'gms/cro’, ;> 

w. - An.;: 

Hints -^Heat" generated - per ‘unlt- ^volume . per'- minute 

f SO^OOO X 100 X 60 - 

rise In temperature ^->7 X 0:12 ' 
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5. What is the effeoS of tomperstnro on (1) permeability 
(2) maximnm intensity of magnetisation of iron ? Wbst is 
Curie point 7 

6. Give an account of Ewing’s theory of magnetism. 
Show bow it explains the various phenomena in oon'neotion 
with hysteresis. 

7. Give an account of the different hypotheses by which 

the various phenomena of hysteresis have been^ tried to bo 
explained. What is the theory which more or less EUCoeBsfnlly 
explains ail the facts in this connection ? ^ ^ 

"8. Wbat are diamagnetic and paramagnetic substances 7 
Give examples. How can it be tested whether a given substance 
(solid or liquid) is paramagnetic or diamagnetic 7 , , 

9. Describe how the chief , oh araoteristics of dia-, para, 
sod ferromagnetic substaoces are erperimentslty distlngniebed, 
giving a detailed treatment of any method for the determination , 
of magnetic susceptibility. ‘ C. U. 19SS. 

. 1 ’ 

^ * * 

^ . C. U, Question , 

1962. Show the general nature of a B-H loop and explain 
the terms retentivity, eoorolvity and hysteresis with reference 
to it. Compare the B*H loop for iron and steel. 

Prove that the energy dissipated per unit volnme of a 

material during a complete bysteresis cycle is — times the 

»rea onolosed fay the B-H onrve. 

1964. Explain the terms (o) permeability (fc) suiceptibility 
(c) remanenoa and id) hysteresis. Wbat is a hysteresis loop 7 

Establish a relation between permeability and sneceplibility 
of a magnetic material. 

1963, Define and explain the following terms :(o) Intensity 
of magnetisation (b) Magneiio Induction (o) Permeability and 
id) SuBoeptlbillty. 

Derive the 3?eIation connecting permeability and susoeptibi* 
lity of a magneiio lubitanee. 
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- ;1964- ..Explain what .you . nDderatand . .by^, , (o) hysteresis 
(6) retentivity and (c) ooerpiyity p£ a magnetic material,.. What' 
is hysteresis loop ? 

. Briefly state, how yon can distingnish between a ferromagne- 
tic, pa/amagnetio and diamagnetic material 

1966. (a) Define magnetic permeability and anscepti- 

bility and show how these are related to each other. 

(b) Illnstrate thVnitnre of the hystefesis' looji df'a'sanaple 
of steel and that of a soft iron piece. ' Indidate from these* how 
the two materials’ differ in their magnetic bebavlonrs. ' ■ 

1966. Write notes oh' Hysteresis as' applied to magnetic 
problems.” '* '■ ' ^ :.■> * 

1967; Write notes oh “Ferro-, ' P«ft" ' and : diamagnetic 
materials.” '' 


1969, 1971; Dcfine' the terms: 'Magnetic induction (B), 
Intensity, of 'ihagnetisatiOii (1), permeability (/ii); and susccpti- 
bility*(/.').> Show that What -is a Hysteresis loop?!-. 

1973. " Define magnetic permeability, and . .susc.eptibility ;.and., 
find tlie relation between them. 

What is a Hysteresis loop? Indicate the nature of hysteresis 
loop of a sample of steel aiid tb-' bf a soft iron piece and 
discuss their magnetic bchayiqur.,. t,,. "ui'U 
d.974., ..Define magnetic induetbn .(8^, Intensity. .of magheti-. 
sation (1), magnetip, intensity. (H), permeability (/x) and sus-_ 
ceptibility (A'). Deduce the rejat ion 
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ELECTBOMAGNETIC TNUtrCnOK 


Art 146 

ExpcrImtnUl 
fact 


Consider a closed coil oLwirc and ainagmct 
at a certain distance. If the magnet bc moved 
towards the coil it is found that an instan- 
taneons current is generated in the coil ; if^ the magnet be 
moved away from the coil a 
current is also . generated in 
the coil but this time in the 
opposite direction. The current ^ 
exists only so long as the_ 
magnet is moving ; as the . 



magnet is stopped the current 
also dit-s down. 




D 


Fig. 212 


Instead of moving the magnet towards the coil if wt' move 
the coil towards the magnet the • same effect' is“ produced ; in 
fact it is the relative motion between the coil and the magnet 
that produces the current dn the coil.' If both the coil and 
the magnet be moved .in the -same direction with the same ' 
speed so that there is no relative motion between them, no ^ 
current is generated in the coil. . ’ ■ 


K,B. (1) The Indoced correal exlds only co lohg asHbere is 
rcUtiTc raotlon. — 


(?) K the poUrlly of Ihe toBgael prere'ofed to the coil be reversed 
then vtiih the approach or receding a way of the nugnet, the correal in 
the coil flowi in a direction /everre to that in the preceding cate, • 

(3) The generation of the current fodicates that an E.' M. F. is 
indneed in tbe coil. When the coU i»-open, f. e. when there i» an'air 
gap between thC two terminal* of the coil, the E, M. P. is still 
generated by the relative motion of the magnet ; bufin this case there 
is no current became the retlstance of the coil is infinitely large due 
lolhepreieneeof theair gap. If the indneed E.bl, F. is anfliciently 
strong sparking may take place across the air gsp between the two 
terminals (Vide Induction coil, .4rt ItS). 
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magnet ■will continue to,.move towards the ebih Thus by 
spending a small amounts of energy' in' "pusfiin^' the magnet 
slightly -towards /4he -coil '.the; magnet may'be made to move 
through a coinparati'yely ;Iarge distance .in, going up to the , coil. ;; 
This is evidently,., against the, principle pf^-consen^aiipn of- 
energy. - Tt follows^that ^ben thcimagn^et.be moving .towards , 
the coil the, direction of the inducedpurrent in.the coil should 
be such' that the magnet is repelled by ;;thc;, action ofj this, 
enrrent so that the, motion, of the magnet, towards the coU js 
checked. ' Oppo.site "would be the effect if the magnet recedes 
away from the coil. , . \ • 

Mathematically, the /Sfd- law ' is"'exprcsse^ by pjaclng 'a • 

minus-sign before — in, (5l).i;i Thus.we have j 

• ■ " ' ' Vl bi'A- :■ 

Induced E.’ M.' 5'. '« Ti;..:.;- 'j-Jl '.'.'.'’fi 

■ . • /, - 

iii'J'iio jr, nc!}'.’r",.'.c‘ 

E-'^ K“ where K is^ebnstaht.^ 

:',k ■' .1 u‘ -•xr.’o ;id; 'in fit'ij'.snih t';i. 

;With.,suitabiy.phosen units. K^may .be made iequal to!-'Udity;‘i‘ 
Hence finally 


'.iir: : 

ti™. r- 


Art 148 

Theoretical 

Proof, 


'irfj 

j-.f.-ii'?:* f-j Uiw :<t rdsji<ir. r.rf'! 

Jtt ••• . ' ^ ^ J . ... 

N. J5. This equation contains all'the'three 
'•Ibws.-^ • . 

■ • ' Equation'(6ld} iriay be fbrm'ally proved -as 

' ■ '-'“’'■''^Cbnsid'cr-;’'an:‘electrifc*‘'circul^ 

current' t -placed -in a^agn’etic ’field'bi'strehgtll ,H.‘ '. Let a bar 
AB^k pdrt oFthe ''electric^ circuit, "^mbkk ak jangle 6 ■with H. 
Then’ the force- on AB is^F“Hi7 "'sin ^ wher9 (A?B“ i). acting 
in-a direction perpendiculaV'to’the plane’cofftaihin'g H and,AB. 

If AB be capable of slidih'g iWtHls'directioh' parallel to itself 
along two-.iparallel conducting", rails i the .force E •chutes 'it -to 
do so.; In;time, SMet AB'movc'tbrough ,a distahces■8s•'t6'the’'-' 
new' position A'B', so:that the-work;ddhe^/by tlicJ-foYce'‘E"lf ' 
Hif -sin d -Bx. :Tbe;r,ecergy .spent therebyicuitimately cbme’s'^ 
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;)Fig.-218'" •1 
‘ ’ tance of the circtiitr 


from the battciy. which -prodnces 
the current. * in the circuit. If 
E be the E. M. F. of the battery, 
total energy spent by the battery 
in 'time St is KiSt. > Part -of - this 
supplies' ;■ the energy ' Htl sin ^ S« 
and the remaining portion is utilised 
in • overcoming the resistance of the 
circuit and is -ultimately converted 
into heat. This latter portion i& 
equal to »*RS(, (Where R is ithUresis- 


Ji 


Hence 


E»8{-t*RSt+Hil sin 6; 8a. 




.Dividing by Er* *R 


;o,' 


E- 


H1 sin 6.tis 

" "''St'''" ' 


R 


''rMM is the area described’ ,by' ’ A'B' in( moving through 
Sa and n.sin ® is the component of .H pp^pendiralar to . tWs 
area. Tbe magnetic field ‘ at any point being equal fo the 
yj, number of lines of force per unit, area, product H sin WSa 
.represents the number of lines of force crossing the area 
ABB'A' in the normal dirtetion.” If N be the number of, lines 
originally associated with the circuit, H sin ^ Ux is the change 
1 hi N (by the movement of AB), or;is equal to 6N.- : ; 


..■E-.r 


SN 


Thus 


St^ 


' Comparing this With ordinary 'Ohm’s Law equation ‘for 

' a fixed circdit( ni's.'t “ -= ' ' we conclude that' 'due to'the mdve- 

rment .of AB;i.e, by the variation of the ;number. of.lineSnf 
force linked with the circuit, an additional E. M. F. equal 

g ' ■ ' ' — ' * 

.to is induced in thc.'circait: -rr, ” 

Sr • .... • 
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• ■ 5'If -St be infinitesiinally small:we have.in tbe limit. • 

' in'duced E. M. F.'r ‘ ■ • 

‘ dt - 1 , 

. '' Art 149 Consider a circuit containirig a battery, a 

> Setf-Induction ’?coll of wire: and a tapping key. sWhen the 
(Inductanca) Qpgjj there- is obviously no current and 

therefore no magnetic lines of force are linked with'^^the coil. 
When .the key is pressed a current is established in the circuit. 
This .current produces magnetic^ lines of forcer some of which 
; " , " are linked with the coil Itself. As 

the, -key is pressed, the current 
grows from zero to, the maximum 
value ijj and the lines of„ force due 


PffMWl 




„ , to ^the current also increase in 

Fig. 216 ■ numberi Hence during 'the? growth* 

of the current the number of lines of force linked with the 

. I > < 

coil increases and an instantaneous E. M. F. is therefore 
induced in the coil. c' 

At any instant during the growth let t be tbe instantaneous 

'I t' '‘‘if •' f 

“ Value of .the . current. Clearly 'N the number of lines' of force 
linked with the coil at the same instant is proportional to the 
.current*. We have therefore ' “ ,, , 


N-Lt 


(52) 


where L is a constant depending "on‘ the shape and ^ size 

. ^ i. y. " . { Tit ' . tni 


of the coil. 


Induced E.M.F. 


,r.u •< .(52a) 

' ■ " • T' r 

Again, as the induced E.M.F. at any instant is E“ 

;i ' ' 

the. rate of expenditure of energjj’ is E»r "L* Hence 

total expenditure of energy *.«. fotal work done ^n .establishing 

* the finkl current * -4 ’^he minUs sign 

. rt ' • ‘ ' 


• The time for this growth is .exlremelr 'smsll— usually a very 
small fraction of a second. 
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.. only indicates that this work is done by the itiduced E. M/ F. 
which opposes the E. M. F. of the battery.- Due to - the final 
current a magnetic flux is established. Thus the work done 
in establishing the magnetic flux , , . , , 

-i L» ® (neglecting the minus, sign) . , . (52o) 

-..This constant h is, called the self-induction , (or simply, 
linduction),’ or . inductance of the coil. ; We maw define ^ the 
'inductance from- either of the three equations; (52), '(52a) 
"•or (626).' ’ ' ' ; ’ ' ■ ■ ■ ' ' • ' ■ 

From (52). When»-I, L-N. Thus 


First dunnitlon ! The inductance, of, a , cpil is defined., as the 

number of lines, of force linked with the coil 

due to a unit curfent flowing through the'cbll. ‘ ; 

;r"i .■'■f; 3d •' ' .'t- ■ ! .J v 

'From (52a), ;when y-."!, !,'*■ £ (neglecting the minus sign) 

, Thus the inductance of a coil is defined 

definition aa the E M. F. induced in the coD. when the 

in the coil.is nm 

From (526) if Vo " 1,‘L« twice, the work done' in establi- 

,shing the . magnetic. .jflnx.’,- Thus rtbe inductance of a coil 

Third dennlVlon’ flefined"; as;, .twice “the i£. work; .done' in 
, .,;establishing.;.the : magnetic' flux, associated 

. with the;final,steady;unit current in'the,coiL'.":f • ; , ; 


B:, .’(I)' Thcindacteoce is olJther «'nnmber (a’s given by the' lit 
definition), nor an E, 61. Fk (as sUted Jb the 2nd definition), nor it . is 
eoergy (aa given by the 3rd definition). Like resistance it is simply a 
properly of the coil. Just 8S“ resistkhcfe'dep'eirda' on the length, cross 
secuon and material of the .coil, sfmiUrly. inductance depends only on 
tbe'ahape 'and ‘sire ‘df' the cbii.''’rt i's yteatured 6y the nninber or.the 
induced r., M. F. or the energy as the case may be, as given '“by 'the 
ithrce definitions above. .. A'.';'"'?. ."T 




fa) 







.k. ... . -f 


(2) Acoil'ofwire has nsnaily 'both resistance and inductance. *;Snch 
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't coiLHavjng-both regjstance'snd Inductance vis fasnllly,' reprcEenled «s 
•■.sliown in,Fig..2I7 j; j.; /.j; . r.‘ ,/ . c, . 

. , A.coil may howeyer be so .wound that its .inductance, js -zero. Such 
winding— •known as non-inductive .winding— is. shown in Fig 217 (6). 
In this case the current in one'balf of tile cdii flows side by , side .with 
i 'that in the other half ;''but ‘the' currents' in • the two halves flow In, 
opposite directions. The E. M. V. induced by the variaiion. of the 
current in" one 'Half- cancels that generated by tile variaiion 'of (be 
''current in the othcr'h'alf andrthe resnltant'indnccd E. M. P.'is'.'zero ; or 
■ in, .other;;yvord6,;thc. inductance . of the -.coil is . nih- A coil having 
resistance but no inductance is usually represented as tshown in 
Fig 217(c). ^ ' 

'Art'lSO '’ The in'dtictancb' of a sblcnoidal' ccil' may be 

determined aa follows : — ' 

•r ' t ,*!*■ w ^ t* ^ i j '• T • *.t O Js i ’i ^ '•‘'v; * 

" At any instant let i be the current 
.through the .-solcnbidll ) Due to this 


rmMMiRTl 


>1 


y I 


current the field inside the solenoid 

, is 4rrnt, where ,n is the number of 

■ " ' . . , .turns ptff unit length of the solenoid. 

“'Biit field is equal to the numher of lines of force per unit area 
of cross-section. Hence if A be the area of cross-section of 
?ithe solenoid-'ther tofal'.number' of .'lines: 'of 'force -ihside. the 
■rsolenoid isi^TrnAt; These'lines • of 'force* are obviously link^ 
j with each turn ofrtbe ' solenbid.r If 'I sbe the length of the 
solenoid the total nnrdber -of turns is Hence if ‘N’be the 
,.flu3C (».; «. total number; of .;Iines-jOf. force);',linked ioith. the 
solejioid, we'hoTe ‘ ''' 

.-'.rr-Jk ' .‘V . -ii I;"'.: -J-.-; 'ivi 

j.. ; N(.*;*4;rrtA* X rtl.T d^rnfiA*;. ivtj i'-- 

' Comparin’g this wth (52) ye find that the inductance »L . is 

.^given b)r,.,‘ ;/ " 

L ' - 4irn*iA v (53) 






(53o) 




.,:where D is the diameter, of the solenoid. . .. 

A straight wire, however long, has a very small inductance. 
But if the same wire be cb'iled'"up in the form of a solcrioid 
the induclance increases :to a great ;exlcnt;because’of -thfe term 
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r The mutual inductance between two coils is the B. M. F, 
induced in one when the rate of variation of the current in 
the other is unity. 

N. B. Instead of the current varying in A if the current 
* in B varies then the flux linked with A is also Mi, the 
constant M having the same value as before. 

Art 152 The mutual inductance between two coils Ci 
and Cs — one being completely wound over the other, may be 
found out as follows : — 

Let i be the instantaneous 
current through the coil Ci. Dud to* 
this current fleld inside Ci is ' 

where tii is the number* of turns 
per unit length of Ci. If A be the 
cross-sectional area of Ci (or of Ci) the total number of lines of 
force inside Ci is 4^ni Ai. If the cbils Ci and C 2 are so wound 
over each other that all the lines of force generated by the 
‘current in one are linked with each turn of the other then 
dwnj At lines of force a'rc linked with each turn of Cz If ni be 
the number of turns per unit length of Ct and I be the length 
of either coil the total number of turns of C» is ml. Hence if 
N be the flulc linked with Ci- 

N^d’fnjAi xmI“4vBjn2lAi 
Comparing this with (54), 

. M»“4vnimIA — x’rtimlD*^ (546) 

where D is the diameter of Ca (or of Ci) 

If Li and Lt be the inductances of the coils Ci ‘and C» 
we have from (63o) 

Li“7r*ni*fD* and L»'“ir*nj*lD* 

Hence from (546) ... ^ ... (55) 

It is however to be remembered that thls^ equation is 
strictly true only when the flux produced by the current in 
ODC is entirely linked with each turn of, the other, t. e. when 
there is no leakage of magnetic flux- In practice this is seldom 
true. Usually there is some leakage and M is less than 



Fig. 220 



Sts 


M 

A/Liht relation - ■ y is called th*co«^cien< of coup. 

^ mj LiLj 

ling and two mutually inductive circuits are said to be tightly 


or loosely coupled according as the ratio 


M 


approaches 


unity or is considerably less than unity. 

If two mutually inductive resistances are connected in 
series the joint inductance is given- by L“Li + Li±25d, the 
double sign indicating that the circuits may be connected in 
two ways, i. e. connection may be such that the E. M. F’s 
due to self-inductances may help or may oppose that due to 
mutual inductance. 


Art 153 Consider a coil of wire having inductance 

Circuit Contain- L and resistance R. Let the coil be in series 
inf L and R ^ battery and a key. When the circuit 

is closed by pressing the key the current in the circuit grows 
from zero to the maximum value and during the growth the 


E. AT. F. — L ^ is induced in the circuit, » being the current 

r 

at any instant Hence if E be the 
E. M. F. of the battery the total E, M. F. 

is E-L ^ and by Ohm’s Law this must 

U( 

be equal to Ri. Thus during the growth 
of the current 

E-L'Jj--Rf 

If now the circuit be broken the current decays from 
the maximum value to zero ; daring the decay the induced 

E.M.F. - E J-j is still produced but the battery is out of action. 

Thus -L||--Ri (66a) 

We shall solve (S6a) first 


imrnm 

— 1 1 — . 
Fig. 221 

(56) 


Decay of the 
current 



-Ri 



S16 


^ ’ 'di R 

. Separating tHe variables, ,-7T“ '•* - 7 - S*’ ■ ; . 

■or- Ibgi * ~ - ^i + Ai- -wbi^re AiHs an arbitrary constant 

r -'■ 

i^e ^e^\.e ^.L “A® L , where A is 

'■ a 'new c6nstaht'equart'o’fl:'< ,v:4 

To tod A we impose' the initial condition, uiz.i- 

at , , , * “ 0 *1 
t — i J ' 


i -A 

• r. J ^ 0 ", 


•* V ' - .r’lji 'O." 

_vt 


X 




(566) 

,;(56e) 


j " '' where ' "a'** r ' 

'J r This .A is cailedthetimc-’^ns^ ^ 

in (566) if wc put A=t we have r=ifoc-^'=Jo>< ’368;; 

'“■ ‘Thus the ti mb' constant -(A) is defined to be the time taken by 
he current lit decay to *368 times.thc origina^maximum current. 

yi'’ y I . : < 'Froih-' (566), att^®^* 

; , , , . »==0, ». 1 theoretically 
at infinite 'titne the 
d } j ^^'cun’c'nt rekehes the zero 
value ; but ■ for all 
practical purposes the 
current ' is vanishingly 
•■-'..if '^,-;sthall,_ after -,, a, short 

interval of .time. If ,wu 
plot i against t the 
;:.r' ’ Fig;: 222 'i v.'S . I- f curve'? starts J from /the 

point («°0, »-»■) and meets the t axis assymptotically, aa 


' fkM^(^ th£(Mvte/ht . 


shown in Fig. 222, For small values o^ A, 
even when t is small, « ,A decreases rapidly 
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and the current also dies down quickly. On the other hand 

-~L 

if X be large, e ^ is not small unless t is large, i. *. the 
current * decays slowly [ See Fig. 222.] 

N. B. ‘y small means L small and R large. ^ . 

We shall now solve the equation (56) for the growth of ^ 

J «- t 4> ./ ■* 

the current. 



To find A we impose the inital . condition, vt*. , 


-‘-“..1 

• • 

• E" 

•; M - f 

(-o' ! 


. i R-: . - 

.r ' (T 

, f 

Hence 

‘-K 

/ - L '‘C * ^ 

-Hr ~ / 

1-s L)-.y(l-e._A„) 

(56d) 

where 


and 

(66e) . 


* f ^ ^ JIN. , — t w. 

As in the case of decay , here also A is called the time constant 
oi the' circuit In (56rf)’ if wc put ,f=A wc have i=jV( 1 — e-i) 
— led n-V,X):^,gy_i)r,32. Tlius^ the time constant (A) may also be 
dermed 'to be the time taken by the Current to rise to 0-r>32 times the 
nvjxnnuiii Mcadv current. ' 

- ' • - s ^ Z ** 

From (5Bd), at <=«>.*•=* ». e. theoretically at infinite 
time the current rises to the maximum value i ; but for all 



practical "purposes the ma:?itnuin value is reached after a 
short interval of time. The curve showing the relation 
letween I and / starts from the origin (<-0, t-O) and meets 
he line /=» assymptotically- as shown in Fig '223. As in* 

:he case of the decay, the growth of the current is rapid . if 
is small and slow when X is large. 



N. a. ‘Large A‘ means large L and small R, A large 

ralue of L however has no effect' on the final maximum 

/alufe i of the current ; it can only delay the attainment of 
0 

he maximum value. • ' . . . 


Art 154 We now consider a circuit containing a capacity 
lircult conuin. q gjjd a resistance E (but no inductance). 

** ** Xet them he connected in series with a battery 

of B. M. F. E and a key. When the key is 
pressed charge begins to flow from 
the battery to one of the plates 
A of the condenser. This induces 
opposite charge on the other plate 
B and similar free charge, flows 
back to the battery from B. Thus 
there is a circulation of charge, 
1 . e. a flow of current round the 
ircuit. This continues until the condenser is fully charged 
«. until the plates attain the'Pot. Diff. E; the, current then 
iops.' - . f 


,R 


Fig. 224 
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Let Q be the charge at any instant on the positive plate of 
the condenser, during the process of charging* This prodnces 

an instantaneous P. D. " between the plates. This acts as 

(j 


an E, M. F. and tends to send a current in the opposite direc- 
tion. Thus during the process of charging the condenser the 

total E. M- F. in the circuit is E If * be the instantane- 


ous value of the current we have by Ohm’s Law 


e.-Q., 


dt 


or "■ 

When the condenser is fully charged let it be disconnected 
from the battery and be discharged through the resistance E. 
In this case we have a similar equation excepting that E is 
zero. Thus for the discharge of the condenser 


Q 0 

We shall solve the second equation first. 

Dlscharca «f the 


irf# *>T the WQ ,, 
Condenser B^ + ~=0 


or 


JQ 

Q 


0, 

dt ■ 0 

CR 


Or 


dl CR 


T CR -Qg +Ai 


Q 


oe+a,_,a. ^.,oe_^^-c'r 


* 'k 

where A is a new constant equal to 
To find A we note that 


at <-0 

Q*"Q.j‘initia! maximum 

charge on tfie condenser 

_£ /. 

CR * 

Hence Q*Q^e *“Qo* 
where X=OB 


Qo-A 


A 


(67o) 


(576) 
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The prodnct CR is called the time constant of the clrcnit. 
The smaller the valne of A the qnicker is the discharge of the . 
condenser and. Tice versa. . . . . ^ 

We now consider equation (67) 


Charflngof tha 
cond«n«*r 


or 


Let Q”s+CE 

49 =^ 

dl dt 


/. E-^-i-^.+ E-E 

dt C 

' \^'dx \ a ■- ■ V • 


Solving as before, .A« CR 


Adding CE. to both sides, Q—CE + Aa .CE 
To find A wc notice that . , ' . 

at <-0 ■> 

Hence Q-CE^l ' 


O-CE+A or A--CE 


(07c) 


•where Q —CE and A — CR ' - : 

As before A is the time constant of- ihc' circuitr.Jhs rapidityor 
sJcjwness of the charging of the condenser depends on the smallness or 
largeness of A For the definitions of the time constant see Art; 153. 

Art 155 The capacity of a condenser may be com- 

Measurement pared with that of another condenser by dc 
ofcapacit/ Santy's 'method. Two condenser.s of capacities - 
Cl and Cj and two non-inductive resistaifces Ri and Rt are 
placed along the four arms-of a Wheatstone's net AECD. A 
battery E and a ballistic gaU'anomcler G are placed as 
usual along the two diagonals. As the key is closed the con- 
densers become, charged and ia momentary .;cuTrent passes 
along each of the two branches ABC and ADO. -Since initially 
and finally the current is zero the points B and D arc at the 
same potential at the beginning and also at the end. If also 
the current gross’s and decays at the same rate in both bran- 



321 


chcs the points B and D remain at the same potential even 

during the charging of the con- 
^ ^ , densers and^ the galvanometer 

C, y \ does not show anv deflection at 

anv time. The currents how- 
grow and decay at the 
' ■sfitne rate in'both the branches 
if the time coiistants'of the two 
‘ 'branches are equal f. e ’when’' 

CiRi^CjRs The resistances 
D ' Bj and Bj are adjusted .until 

on- pressing the- kev K no 

I ' deflection'* 'is observed in the 

'' — tl " * I galvanometer. In .that case 

I \ Kt 

FiB;22.S. r 

the capacities can be compared with each other. If one is 
known the other can be found out. , 

[ Vide also Arts 58 and 115 ] 

Art 156 Anderson’s Method 

Measurement {our resistances Rj, B*, E» and Ra be 

of inductance ' ’ 

placed along the four arms of a Wheatstone’s 

net ABCD. The first three g 

resistances arc non-induc- ' yK 

tive but the fourth one. viz. 'V 

Ri has an inductance L. / 

As usual a battery, with a ' / f I 

key is placed along one A - O ^ C 

of the diagonals between A ‘ ‘ ' 

and 0. A galvanometer G 

and a variable non-indne- 

tive resistance X are in • ‘ X -Nj/ 

scries along the other dia- 

gonal between E and D. A • 

condenser of capacity C is ' — ^ — jl— — ^ t 

placed between A and O ^ 

the junction of X and G. 


Measurement 
of inductance 


Ji; 




. Fig. 226 ^ „ 
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At first the xetistoices ere so sdjtisted that when the key is 
kept closed end a steady current flows round the dtcuit the 

" Ri Rt 

galyanometer shows no deflection. In that case, M 

Next, without altering these resistances any more the 
resistance X is adjusted until even when the key is suddenly 
closed or opened, t. a. when the current is unsteady the galva* 
nometer shows no deflection. In that case the points O and 
D are at the same -potential not only when the current is 
steady but also during the growth or decay of the current. 
I,et p, r end e be respectively the instantaneous currents along 
Ri, Rs and X. Since no current flows through the galvano- 
meter the current through the condenser is also x, the current 
through R* is r and the current through Ri is p-hs. Let -Q be 
the instantaneous value of the charge on one of the plates of 
the condenser C. The current through the condenser is then 


dr 


i. e. 




is the potential difleren<% between 


the plates of the condenser. - - - - 

J 

Now O and D being at the same potential, 



* 

i.e. or Q-OrB* 

C 

diflFerentiating « — 

Again, V_^--V,-(v^-vJ+(v„-V,) 


( 6 ) 


♦.*. pRt-- ^ + X* 


From (6) pRi“*rRs+CXRs 


4l! 

dt 


(e) 
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Lastly, 0 and D being at the same potential, 

(v^-v )+(v -V )*-v -V 

\ O b' ' B C' D C 

r 

i. I. Xa:+(p+s)Ri"rRi + L ^ 

* / 

or pR*+flKX + Et)— rR4 +L ^ 

Substituting the value of z from (6) 

pR* + CRs(X + R*) ^ - rR« + L ^ 

^ at at 

OT pR*“rRt + L^~ CRaCX+Rj) ^ 
at \ at 

>■ ! 

r'Rs + CXRa^ 

I Dividing (c) by (d), 


(d) 


rRi + L|pCRa(X + R;)^ 


or Ri I f R4 + - OR*(X + R»)|^ J - Ri J *-Rs + CXEs-^-^ j- 


But from (a) EiRi —EjBj. Hence cancelling rEiEi and 
rBiBi from both sides we have 

E. {4 ;-ob.k<-e 4 ;}-cxb.s,|: 

... dr . ' .dr 

Now since — occurs in every term we may cancel 

Hence Ei(L - CR3(X + B>n - CXB*R» 

/. L-0H3{X + Ra)-0X™’-.CXB4 [From fa) 3 

» Ki’* 

/. L-CRs(X+E») + CXB« 

/. •— -R.E3+X(E3 + B«) 

_ . L 

Thus the ratio -g- may be determined. If either L or C 
' ' ' > ' „ ' 
be known the other may be found out. 
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We now consid& -the general . case of a circuit containing 

Art 157 ..R / U ; 

* ' capacity 0 

and a resistance R. As % 
before when the key is pre- e- 
ssed charge begins to flow jt 
round the circuit. If i be' 


the instantaneous value' of ' ' ' - r n ri 'J-ti:. 

v{a 227 

the current, the total E.M.Ei ^ 

in the circuit isE-L,— And by Ohm’s Law this is 

' ‘i 0_... .... !/ . 

' .• • '-i 

dt O • 

equal to Bt. Thus E-L -; — -7;“>Rt. 

rK ■ . 

v:br " :’ T^:+R» + -^HE 

■ ; ■'-■ - '-;n at '■ r cO 

. :h * . ... 

Similarly for the discharge of the condenser 

/ ^ ,( 580 ) 

he We^shallrsolve.the second equaflon first.7 (. jj.-'- 

Oitcharge of the 4L 4. r;'+ 1S.'— n' ’ ' ‘ ’ 

condenser -b , . . ^ I 




We know »==^ 
• at 




dt di^ 

where the new, constants k and p are given by 

.•i-ykSD-j 


= and p*- pTf 


Writing 7 -. 

dt 


D® + 2fcp.+p® f ,,0f, j 


'> . , or 0*= ~k ± ~ P* J 

.. Q Aie . ,: '.:c O’e vsev; 7‘}vio C'ih : z- 
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where Ai and A* are two arbitrary constants. 


^‘1 Ai« 


+ - (68c) 


The values of Ai and A* can be determined by imposing 
initial condititions J — , , 


at <“0 


and 


at 


<-0.^ . 


(initial raaElmum 
charge) 

Substituting the 1st of these conditions In (58e) 


Q *’Ai + A* 
0 


(a) 


Also 




+ All' - fc - y - p*Je( “ * “ ^*^ ■■*’*^* 

From the second initial condition 

' 0-Ai(-i + Vi«^^ + At(-it-Vi*-pV 

. , -f 

or A»“Ai ••• 

' . ' k+^k*-p' 

Substituting in (a) 

J 1 j. */k^ ~P*1 

I k+^u 


Ai 




-1 

;*-*,*) ^ 


or 




Ai-* 




2 A/i* 


-p' 2 \ ^k*-p*J 


Hence from (/S) 

Qo . k + s/k'-p* -'k+ »/k^-p* 
2 i+-yfc*-p* 


2 \ Vi*'-^pV 



aas 



li k > p equation (6Ro) cannot be simplified further. If 

k < p equation (58c) can be reduced to a much simpler form. 
Thus ; 1 


Q-.' “ f A,. 

^*[Ai(cbs(^p*-k* t +j sin (%/p*- 

+ Atfcos (\/ p*-k\t) -j sin (*s/ p* - jl’.i)}] 

e + Ai) cos {i/p* -r +/( Ai - A*) sin {*/ p* - k*.()] 

r< I Ao cos (N/p*~lc*.t) + A« B\n{»/p* - k*,t) j- 


where As and A« are two new constants 

given by As^Aif Ai and At-/ (Ai-Af) 

"Ac cos (Vp“ - **.t-^)** ... (58d) 

where the new constants A and ^ are given by 

A■-^/A3* + A 4 * and tan^-^ 

To find the values of these two constants A and the 
same twV7 initial conditions may be applied. 

Thus at t-O 

Q-Q 

«o 

and at t =» 0 


* y represents the imaginary quantity //-I " 

** Putting As^ A cos ^ and Ai-A sin (f> i»: the previous 
step 

Q^Ac f.os {»/ p* ~ k* -t 



we ha'^e 
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Now Q - A< cos (Vp' ■*’••■** 

... ig.-Air*' cos 
at 

- Ae ” *'*^/p* - sin (J p* - kU - 


O'^'-Ak nos ^ + Aj^p*-i» sin 4 ‘ 


sin 4 >‘" — and cos § 
P 


.JES 


•• tw-M 

-*<„ 


.*. {rom(68d), Q-— p=== *“ cos (^/p*-k•.«~^) 


where tan 




■ ( 8 ) 

(fi) 


0 



Fi|.22B 

(o) Dead-beat diachanrc. (fc) Oscillatory dischaixe. 
» Dead-beat discharge in the Htniting condition. 
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The expicssion for Q in (58d) contains" a cosine termY It 

is therefore alternately positive and negative with the increase 

of time t. .The amplitude again contains 
Osciltatory _ , 

discharge the exponential term -e ' . The charge 
therefore alternately surges backward and 
forward in the circuit with" gradually decreasing amplitude 
until the condenser is finally discharged. The discharge is 
graphically represented in Fig. 228(6), The current in 
the circuit is alternating during the process. The oscillatory 
discharge takes place, as we have seen 


wnen fe is < p 


i. e. when < ■vj 

2L IS ^ > 


1 

.'"CL 


1 . fi. when R < 2 


4 -- 

> c 


The frequency of oscillation is given by 

2x 


^CL 4L» 




(59) 


If R be extremely small in comparison to L we have 
^ ... ... ' (59a) 


n' 


2Jfs/CL 

This frequency is called the natural frequency of the 
circuit. , ' " 


Deadbeat 

discharge 


In. the case when k is >p, there is no such oscillation : the 
charge moves only in one direction i. e. from 
the positive plate to the negative one' and the 
condenser gradually gets discharged. This is 
known as dead beat discharge. The decay of . Q with t is 
shown in Fig. 228(a}. ^ ' 

The case when. k“"p is interesting. •' In this limiting case 
equation (58c) breaks down; for both Ai and A* become infini- 
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telv large as would appear from tbeir respectUvc values. To 

get a solution wc first imagine thatv/«® -p“ is not exactly 
zero but a small quantity h. Equation (58c) is then reduced to 


^ f , A/ ^ . -ht\ . 

Q-e < Ai« + Aze V 

h.1 ““ ht * '' ' 

Expanding e and < by the exponential theorem and 

— since . h is small — neglecting square and higher powers of 

h, we have ’ / ^ 

Q'=’e Ai(l +fct) + Aa(l -ht) ' 

■=e ■ (Bi + Bit). " ’ ' - 

r where Bi •=> A: + As and Bz = (Ai y As)/;. , 

To find the values, of these constants Bi and B.> we apply 
the same two initial conditions. 


At < = 0 

Q=Qo 



Bi 


At 


t “0 





dQ^ 

dt 


Ea e 


■kt ' kt 
~ ke 


(Bi + Bzt) 


0-E*-JtBi 


Htncc Q-Q^ « - + /cf) - ~ ... (6ge) 

Obviously the discharge is dead-beat in this case also. 
The variation of Q with t is shown in Fig. 228(c). It is to 
be noted that the discharge in this case is quicker than when 
k > p. ' : . > 

Art.158- expression for the current may be 

'• ’ obtained by differentiating Q. 



330 


Detd.bnt discharfe. 


From ( 680 ) Q + j- 


• - 
•' * Tt 


- I A. V** •"!»*•< -u A . . “ V** 


+ A* « 


- A« (yn ^ + ■ *‘*** y 


-v/^® “ p* + Jk 


sabstitntiog the values ot'Ai and Ai 


eop?iI’!5|y*®-p*.<„.-A/i*-p*.< { 

*' A/Jk®-pM ... ( 

" ' 

Oscillatory discharge. 

From (58d) Q ■" As ^^cos p* 

- A ” *‘cos - ^ ] 

- A^:T‘ # " 8in - ^ ] 

» -Ae 1 Jk {cob (•^j>‘-k*.t) cos ^+8iu .<) »{“ 

+ -s/p*~^ { sin (-s/p®-**.*) co« ^ - cos (a/p*-***0 



SSI 


- - Ae ** cos sin cos KJ p* - k*4) ' 

+ (Jk sin ^ P* ” jfe® cos 4>} sin (^p* “ 

+ + -s/ sin (s/p* -**.<) I ; 

substituting the values of sin ^ and cos ^ from (8) 


•"-Apt *** sin (Vp*-Jf*.t) 

Q p*« 

IK ^ sin (Vp* - i*.<) [ from (d) ] 

VP*-A! 


Dead4>eat diichitfe in the limiUnf case. 
From(68<) 7 Q~Qq* + 




-it. 


Art 159 We shall now consider the equation for th 

^**^*Jaaiar*** charging of the condenser. . . . 


or 


r i’S. + Ri.Q.*S._E 
■ di* dC+ C 
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Let 

Q«=ic + CR 

1 , 


d®z , da: ' x 


. dQ dx 
■■ dt^'dt 

1 

1 

. . L 


and 

d=Q d*® 

■ dt* "* d£^ ' 

1 

1 

J 

j 

or L 

d}x . - dr 


This equation can be solved in fbe same waj" as before. 
Having got tbe value of x, the value of Q may be obtained by 
adding Civ to x. The current i can then be obtained by 
differentiating Q. In this case also the charging may be dead- 
beat or oscillatory, the conditions’ being exactly the same as 
before. All remarJes made in the case of discharge, arc 
applicable to this case also. Growth of the charge under 
different conditions is shown in Fig 229, 



' ’ l-’ig- 229. 

(a) Dcad-bend chorRiufr (h‘> Oscillstory chargnijr '(c) 
beat cbarging in the limiting case 

In the case of the oscillatory charging— as may be seen 
from the diagram — the charge -on the condenser and hence 
the potential difference between the plates oscillates a number 
of times above and below the final maximum value before 
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reaching 'it, ’ Thas in the inilial stage the potential' 'difference 
rises mncff higher than the final steady value.' ihsulationj 
although it may be sufficiently strong to ■withstand ' tlie final' 
steady potential diftercnce, may -ffreak down-in ^tbe” iniiial 
stage. This may however be prevented by inserting in the 
initial stage a resistance (so' that the ' charging is not 
oscillatory) which may be cut out later on. 

Find the inductance, of a coil of, 100 turns wourid on a paper 
tube 25 ems long and 6 'cms radius- If the paper tube he replaced 
by an iron rod of the, same,, dimensions , find>. how .the inductance 
changes- [ Permeability of iron’“ lOOC ] 


Here — 4 Tand D,f 2?<5"I0 

.,‘t' i'.i ‘;i'i ■-'•■'it '■!!■ .r-C'.'!! r n-:- ^ '•ioE^nc'’ 

■ Hchce’frbra"(53a)' ■5iu—ir.*>:4*'y. 25 xlOfCi'.G.'S. units ' ■- 

■' / v*x4*x25x10* 

■ <•'. f,-.- r.iff 3-95_X Ip J^.henxy 

, Withiron .rod v.'L *-. 1000 x S’^S.x tO“|.“P‘S95 henry ; ^ ; 

'' 'd.ciVcmt contain* a resistance af-,20j ohms,^ an ,induclance, pf 
60 -.milli-henryi '-andi a battery.'-. . What.is the ^irne constant of this 
circuit t ■ When. itke circuit .is closed, find :oJler -what -.times, the 
current rises ; to-.,half -. the :.maximum- value. i’-Jf: theihatttry.be of 
d.nblts JS.-IT. F.'.Und the maximum current. 

' ^ ^ * j- .u ! v—X 'i* ".c 

Time constant 0*0025,- 


'.fi,' r! Substituting'.— ;-,for;i-in {56d) ‘;. 

--r.-K '.f-.'-/ ■I---.-' : 1 : 

.; ri- r '.I --r.’.-';- r,-;,-s 

■ ^ br' c •J.^'"=>ihc>or:.^ •^“•logi2.V 

'-.Vr :t«0’0025 ‘xlogj^2 xiog,1.0 i.V; coUv ’ ■ 

: ’f O'od'isxb'soVd x”2’3bV«o'6oiit sec 

• V ■ F ‘ ' s 

‘ Maxitaum cutrehl— 0‘4 amp ,> 

. R 20 
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j A oondenter of oapacitv 100 pF it ditohargtd through tia 
leakage resistance of 10^ ohms. How long will it take to lose 
half itt charge f ^ . 

‘ ‘''ll 

Here time constant A « CK •« 1 00 x 1 0“* x 1 0* ■■ 100. 

Hence substituting for Qo in (576) 

-i 

^■"Qoe ^ or “2 or -—"loge 2 
t “ A Iog,2 - 100 X Iogio2 X log, ! 0 - 69'33 secs. 

■' ( t 4 

Exercise XVI - ! 

L Ennnoiatn and explain on a quantitative baiis the lavra 
of indnotion of oncrenta in<a oioaed oironit by meana of external 
influence. . . 0. U. 1987 

2. State Lenz'a Law and show how it can be explained on 
the principle of oonaervation of energy. 

A copper disc of radius 10 oms rotates 26 times a aeoond 
about an 'axis paaaing through' 'Its centre ‘and < normal to ita 
plane. If the'plane' of thii' diio be perpendicular to a uniform 
field of intenaity 100 C: 6. 8. unit, find the potential differenea 
developed between the centra and a point oh the biroumferenoe 
of the disc. - m , * ,< Ana, 7'86 uilli'VOlta. 

3. How doea the inductance of a oironit affect (a) tbe 
growth of the current (6) tbe final value of the current ? 

A oironit oontaina a resistance of 50 ohms, an inductance of 
5 henry and a battery 'of 4 voIta E. M. P. i What is tbe current 
in tbe circuit ? If tbe oironit be broken find after wbat time tbe 
current drops down to haif its value. Ana. O'OB amp ; 0’0b9 aee. 

4. What is aelf induotio'n and what ia mbant by non-lndne- 
tive winding of a coil ? 

A coil of aelf'induotion 60 henry ia joined to tbS i terminals 
of a battery of 2 volts E.,M. P. through a resistance 10 ohma. 
What ia meant by the time constant of this circuit ? What is 
tho maximum current that ia finally establiahed in tbe circuit ? 
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Find »l*o the time in which the onrrsht ri8e» to helf the msxi- 
onm value. A:nB'; 5 ; O’S amp ; 3*47 aeo. 

5, bUonai the theory of dUoharge 6f '» charged oondenler 
through a hon-lnduotive resietanoe. 

A condenser of capacity 2 mioro-farada'-ia charged- to 
potential diflerenoo of 200 volte. The .tertainale ofrtha 
oondeoaor are joined by a wire of 100-6biaa''^re~BiBtanoe;; Find=: . 
in what time the potential dififerenoe falla to (1) 100 volte’ 

(2) 10 volts. Ana;; (1) I'Sa x 10'* see. (2) 6;99 x 10" * «»• ' ' 

6. What do yon understand by aelf-indnbtahbe and mutual' 
inductance? 

A solenoid wound with 800 turns of insulated wire is of 


length 25 oma and diameter; 5 .omB> ' Find the indnqtanee of the 
coil. If, the coil has a realatanoe, of 10 obme and .if it is 
oonoeoted to a .10 volts battery of' begligible 'internal resietanoe 
find bow the cunant grows with time. ' Ans.'B'SQ millUhcAry. 

7. Oaleniate the self'induotahce of a aoiehoid of lOOO turns 
wonndi 
ems and 


on a paper cylinder, the length '6f the solenoid 'being 60 
d the mean radius of the iurns 'being bom.' Find aleo 


the value of the induqlance if . th'e.paper ; oylindM he replaced by 
au iron cylinder, the permeability 'of iWnWing lOtiO. ' ‘ ' '' 

, ; • , ;,Ans, ri37, milll.henry ; I'lS? Henry. 

. 8. A charged condenser is discharged through a resistance 
of 10. megohms and the, voltage,; drops' from^ 100' units to'80 
units. in S min. Assuming that.'there is hb', leakage' through 
insulation retiitauos of the, qondenter find. the bapboit^bf the 
condenser. '■ 

^ 9. Due to defective ininistion of a 'condenser ’the Wtage 
falls from 100 units to 90 unite in 6 min. Hf the terminals of 
the bbndenwr ate connected by al'wlre' of . resistance .of 10 
megohm the voltage drops from 100 units to 20 units in fi min. 
Oslbulste theiniulstioh resistance of the condenser. '• 

• ;..v. j . -Aus..37lffi; megohm. 


; 10; ! A condenser of.ospsoitsnoc 4f*F is discharged through 
■ an indnotahee of 0'25 Henry. - , Find tha minimum .mistanos 
neoetitry which when inserted in the 'citonit„win,preyqnVthe 
dUoharge from being oscillatory. Ans. 500 ohms.’ 
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11. When is the dlsohfcrge of a oondenaer oseilUtory ? 

A condenser of a capacity 0'75 microfarad is discharged 
tbrongh a coil of reeistanoe ,600, ohms and of, indnotance 0'5 
henry. Is the discharge oscillatory If. so, find the froqnenoy 
of oscillation. of discharge... . , , „ ; 247‘4 cycles per sec. 

■ 12;o A disc of radius .8 cms is rotated inside a long solenoid of 
50 turns per cm about^an axis perpendicular to the plane, of the disc, 
the axis of roiaiion coinciding with- the,. axis of the solenoid. If the 
disc makes 6f)0.rev/nun . and' , the. current in the .solcniiid “is l amp find 
the potential ditTcrence.between , the centre ' and ^circiiihlerchcc of the 
lisc. ■ ■ ' •'''•■• 'V'' ' 'cu'. 1954. 

-5 • h-Tw.-:. t 

' ■■ ]'■' C. U.''Q’neklons''''-'=' ' ' 't • *'■' ■' 

1964. ,If a battery is enddehly* connected to i Aircnit don- 

'.f.-; j Cl . i.-i' 1.' <> ' ,T , ■ 

sis^ng. of a resistance and an indnotance in series, sbowlhst 
.the.ourrent grows exponenMaily. On what factor' does the rate 
. of growth of onrrent, depend. . J , ' 

.... 1966, Define ooefiicieDt of seifrihdnctan'ce of a' coil. ' Show 

.how.the enrrent in.a circuit containiog a .coil of, loductaDce 
L, a resistance R in series, with .a battery of E. M. 1'. E builds up 

whentswitohed on', ' I/- ' ■ 

. ■ A 2 volt b'atte^, of negligible internal resistance is applied 

,to a coil- of .inductance I henry ''and of resistance 3 -obm. 
.^Calculate the time required by the current to attain a -value half 
that in the steady state. ' ‘ ‘ ^ " , ■ 'Ans, 0 69 sec. 

1966^ (1) Define 'seH-inductanoeV Dairive'^'an ■expresBibn 

. for aelf-inductance of a long Boloooid.i ^ 

j -‘'"O', .'u* ""Cir ‘i; '*** -i 

• ; An-air-cbred solenoid bas; 600- turns; over- a length. of,j40 

cms. • The diameter of the solenoid Is,. 3 ceqi. CalcnlatB. its 
self-inductance. r • ' .‘a 

(2) Find the expression for-rtbe, current at any.lnitsnt, in a 
circuit of given resistance and capacitance. 

1968. Calculate the gro\vth--df -charge- in a; capaator of 

capacitance C connected m scrics^wjth a battery ofE.M-F. iinv a 

(non-inductive) resisraiicc R.' t ^ - 
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If C = 2.4 /iF, R = 0 02 megohm in what time will the charge 
in the capacitor attain half its final value (iog,2= 0.<>931). 

1969 Explain what is meant by coefficient of seif-induction and 
coefficient of mutual induction. Calculate the value of sclf-induction 
in a very long solenoid. 

Find the self-inductance of a solenoid 40 cm long and radius 
4 cm having 200 turns (^ 1 = 1). , ' 

1970. An electric circuit containing a capacitance C and a 
non-inductive resistance R in series are connected to a battery 
of E.M.F. equal to E through a plug key. Show that when the 
battery circuit is closed the charge on the condenser plates grows 
exponentially. 

Explain what is TOcant by time constant of the circuit. ' 

1971. An electric circuit consists of a coil of inductance L of 
negligible resistance in series with a non-inductive resistance R with 
a battery of E.M.F.E. (with negligible internal resistance) and a plug 
key. The circuit • is closed so that a steady current is flowing. 
Derive an expression for the rate of decay of current when the plug 
key is suddenly taken off. What is the time constant of the circuit ? 

1972> 1975. Explain the terms; “Coefficients of self and 
mutual inductions.” 

A condenser of capacity C is connected in series with a non- 
inductive resistance R and a cell of e.m.f. E through a tapp-- 
ing key. Derive an expression to show the nature of develop- 
ment of charge on the condenser with time as the tapping key 
is pressed. Draw a curve showing the variation of current 
with time in the above case. 

1974. Which has a greater inductance— a straight long wire 
or a wire of the same length but coiled up? 

1976. Define the coefficient' of self-inductance of a coil. 
What is its practical unit and how is it related with the e.m.u. 
unit? 

A circuit contains a coil of self-inductance L, a resistance 
R, a plug key and a battery of e.m.f. E, all in series. 
When the circuit is closed find how current grows in it with 
time. Show in the form of a graph the variation of current 
with time. What is meant by time constant of the circuit? 



CHAPTER XVn 
electric iNBTBElCENTa 


Art 160 
Dynamo 


Suppose a coil rotates between two poles 
of a powerful horse shoe magnet, the axis of 
rotation being at right angles to the direction of the magnetic 
field. At any instant let the plane of the coil make an angle 
B with the magnetic field. Since the field strength H is the 
number of lines of force per unit area, the number linked with 
each turn of the coil is HA sin 6, A being the area of the coil. 
Hence if there be 


n 

turns of the coil 
the number of lines 
of force linked with 
the coil is given by 
N»nHA sin 8. As 
the coil rotates this 
number changes and 

an E. M. F. is induced in the coil the strength of which Is as 
follows : — 

r 

E-^-nHAcosfi4?ne8:lect>«« the minus sign which 
at fit 



indicates the direction. 


-nHAw cos 8, if be the constant angular 

at 

speed of rotation of the coil. 

-nHAwcoswt *•' , - _ 

if the angle be measured from the instant 
when the plane of the coil coincides* with 
the lines of force. 

Obviously with the increase of time t cos ml changes its 


• U the tDglt be me*»nred from the fn»t»nt when the piece of the 
coil is perpecdicnlar to the field and if the coil he rotated in t^ 
opposite direction COE $ is evidently eqnal to simrf ; if the angle 
measured from any other instant, a phase angle a ia introdoeed. 
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E. M. F. therefore 


magnitude and sign periodically. The 
.„d.,go« periodic Chcpgcc both to 

Such an E. M. F. depending on a cosine or a sine , 
alternating E. M. F. ; the 
E. M. F. is -also a 


direction- 

function of time t is called an 
current produced by such an alternating 
cosine or a sine function of time and is called an alterna g 

current, , . . „ 

ThediieclionoiccnMt todueed io a coBductor nocBg 
maenetlc field may be fouad OBt by FlemiBg's BnU baad 


in a 
Rule 



'<? 


, Stretch the thumb, the 
forefinger and the middle . 
finger, of your right hand 
in such a -way that each is 
perpendicular to the other 
two. Then if the. forefinger 
indicate the direction of the 
field and the thumb the 
direction of rnqtion then 
the 'middle finger indicates 
the direction of the induced 
ABCD rotate about its 


fig. 23t 

current. Thus in Fig." 231 let the coil 
axis PQ. At any instant lebtbe arm AD be moving downwards 
towards the plane of the paper and the arm BC upwards away 
from the plane of the paper.' Then' by applying^ Fleming’s 
Right Hand Rule it can easily be seen that the currerit, 
generated in the coil at tiie instant is_in the direction ,of the 
arrow as shown in the'diagram. 

The two terminals of the coil of wire rotating between 
the pole pieces N and S [Vide Fig. 230^, are connected to two 
metallic rings (called slip rings) both of which rotate with the 
same speed and about the same axis as the boil' [Vide Fig. 
232]. Two brushes pressing against the two rings lead the 
current from the instrume nt to the external circuit. Such 

• In «n aclu»l dynamo the K. M. F. la nsnilly 'a more complex 
funcUon of lime : bnt this complex function can always be resolved by 
jFonrler’s Theorem Into a number of cosine or sine functions. 
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a machine prodncing an alternating E. M. F. is known as an 
alternating current (A. C.) dynamo or an A.C, - , 
generator or an alternator. The rotating part ^ ^ 1 1 

is known as the rotor and the stationary , , 
portion is called the stator. 

From (60) E^Eocosfot ... (60a^ 

where Eo-nHAto ... {60b) 

Eo is evidently the maximum value of E. 

To increase Eo we have got to make one or > , 
all of the four quantities n, H, A, to as la/ge 
as possible. Values of n.and A are limited by 
the consideration of space between the pole 
pieces. T^o have large values of n and A we ‘ Fig. 232 
require a large air gap between the poles, but that reduces the 
other factor H. The angular velocity to can be increased if 
the coil be rotated by mechanical means, e, g, by an oil engine, 
a steam engine^or a steam turbine. It is to be noted that the 
running Mst of a dynamo depends chiefly on that of this 
mechanical power. If the power obtained ftom a waterfall be 
utilised for this purpose the running cost becomes extremely 
small and electricity may be obtained very cheap. Such 
hydro-electric power has revolutionised industry in many 
foreign countries, In India it has just made a beginning, 

’ The magnetic field H can obviously have a large value if 
the magnet is an electro-magnet. But this necessitates the 
use of a current obtained from some external supply. We are 
thus le'd'to, the paradoxical problem that, in order to generates 
current by a dynamo we must have another source producing a 
current. The solution of this probIem,depends— as we shall see 
below— on the residual magnetism discussed in connection with 

, ‘ ' M I ^ ' 

hysteresis, 

<• r' ( ^ 

To produce the electromagnet a coil is wound round the 
pole pieces ; this is known as the field coil. The coil which 
rotates between the pole pieces is called the armature coil. 
The field coil and the armature coil' are connected, “-some- 
times in series, often in parallel and in certain, cases in mixed 
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circuit. The dyuamo is called series dynamo, shunt dynamo 
and compound dynamo in the three different cases. 

As has been explained in the article on ' Hysteresis the 
pole pieces, — once they are magnetised by an external field, 
retain a small magnetism (residual magnetism) even when the 
external field is removed. The pole pieces are therefore ones 
magnetised by an external source of electric current. The 
residual magnetism which is left when the current is switched 
off is then always present and in future no more excitation of 
the field coil is necessary by an external source. The armature 
coil rotating in the weak field produced by this residual 
magnetism generates a weak current ; the field coil being 
connected to the armature coil, part of this current flows 
through the field coil also. The strength of magnetism is 
thereby increased somewhat producing a corresponding 
Increase in the current generated. Thus one helping the 
other both the field strength and the current steadily increase 
until the former reaches the saturation value when the current 
also attains its maximum strength. ■ . ■ 

As is obvious some energy has to be spent for rotating the 
-armature coil. And when the armature rotates we get energy in 
the form of an electric current. The ratio of the energy obtain- 
ed to the energy spent is known as the efficiency of the dynamo. 

Art 161 As has been explained previously the 

Commuutor g generated by sneh a dynamo is 

necessarily alternating, the E. M. F. changing its direction 
after each half revolution of the armature coil. The E. M. F. 
applied to the external circuit may however be made unidirec- 
tional or direct by a device known as the commutator. This 
consists of a short cylinder split into two halves. The two 
terminals of the armature coil — instead of being connected to 
the slip rings, as explained earlier — are attached to these two 
halves of the cylinder. The cylinder is rigidly attached to the 
armature and therefore rotates with the same speed and about 
the same axis. 

Two carbon brashes* pressing against the cylinderi at 
• These brushes »re fixed and do uotxotatc with the Bnnatnre. . 
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opposite ends of a diameter, lead the current to the external 
circuit. In Fig. 233 (a) the K. M. F. is directed from the 
armature to - the half A and from the half B to j the armature 
and is applied to the external 'circuit in the direction shown 
in the diagram. After half a revolution the E. M. F. in the 
armature is reversed in direction, ». e it is now directed from 
the armature to the half B 'and from the half A 'to the 
armature'; but as A and B have also interchanged their 
positions during this half revolution [ Vide Fig. 233 (b) ], the 
direction in which the E. M. F. is applied to the external 
circuit remains unaltered. 

It should however be’ noticed that by this simple device, 
the E. M. F. in the external circuit is made unidirectional 
but not of uniform strength. For ^without the commutator 
the E. M. F. varies with time as show in Fig. 234 (a). By 
the" commutator the E. M. F. in the opposite direction is 
reversed ; thereby the E. M. 'F.»time " relation' becomes as 
represented in Fig. 234 {b). Thus the E. M. F. though 
unidirectional, fluctuates in ' strength with^ time ; this is 
obviously not a satisfactory arrangement. 
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Fig. 234 

Let us now consider the effect of a having; a second coil in 
series with the first placed at right angles to it. From 
(SOa) it is clear that when the E. M. F. in one of the coils is 
maximum that in the other is zero and vtce verta. In Fig. 235 
the curves A and B represent the E. M. F.’s produced 
separately by the two coils. Since the two coils are in series 
,the resultant E, M. F. is obtained by adding up the two 
E. M. F.’s algebraically. This is shown by the curve C. 

E M.r. 


i 

A I 

" Fig. 235 - 

It is seen that the resnjtant E. M. F.^ is never zero. At its 

* t f 

minimum it is equal to the maximum of any one Of the two 
component E. M. F.'s. Also the fluctuation, f. e. the difference 
between maximum and minimum values, is now much less — 
actually" it is 41% of the fluctuation in any component E. M. F. 
produced by' a single coil. Thus, with only two colls the 
fluctuation with time is reduced to 41%. If more coils are 
added in different angular positions the fluctuation diminishes 
‘still further. It can be .shown that with 30 such coils the 
fluctuation practically ceases to exist and the resultant E.M. F. 
becomes unidirectional as well as steady. 

Thus in an actual dynamo instead of a single coil a 
cylinder rotates between the pole pieces of the electromagnet, 
with its axis perpendicular to the magnetic field. Along the 
length of the cylinder a number of slots is cut. In the.se slots 
coils of wire are wound so that there is a number of coils in 
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different angular positions, all rotating with the cylinder. The 
commutator also,— instead of being divided into^two parts— 
consists of an even number of insulated segments. Two 
terminals of each of rotating coils are connected to a pair of 
these Segments, 

It is so arranged that to each segment of the commutator, 
two terminals — one of each of two coils, are attached. The 
coils arc thus mutually omnected and the resultant E. M. P. 
generated by these coils is ultimately collected by a pair* of 
carbon brushes pressing against the rotating segments of the 
commutator. A dynamo provided with a commutator of this 
type is known as' a direct current (D. C) dynamo or a D. C. 
generator. 


Art 162 modem times electricity is often 

Longdistance , generated by utilising the power of a waterfall 
**tirantformar^*^ or of a running stream. In such cases the 
generating station is miles away from the 
station where electrical energy is actnally consumed. It 
therefore becomes necessary to transmit eleclric power 
through a long distance. Now power is the ijroduct of the 
voltage and the current. If electrical power is transmitted 
at low voltage a heavy current must flow through the cables** 
joining the two stations. In order that the cables may with- 
stand this heavy current they must be thick. Thick cables 
however are very costly. Mnch cost can therefore be saved if 


• In actaet dynamos ihe number of poles of the electromagnet is 
generally greater than two. The coils of the armatnie are wound fn 

either of the two ways. Wave winding or Lap winding. In the former 

case whatever be the number of poles, the different coils are so connected 
that in reality there are only two resistancea in parallel and two brushes 
are used to lead the E. M. F- to the external circuit. In the latter case 
however, the number of separate resistances in parallel is equal to the 
number of pairs of poles and the number of brushes is the same as the 
number of poles. The brushes however are mutually so connected 
that one set of brushes acta as the positive terminal and the other set 
as the negative terminal, with respect to the external circuit. 

•• The wires connecting two stations at a fairly long distance apart 
are known as cable*. ' 
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the voltage at which power is transmitted is very high so that 
the current Is comparatively, low and thin cables may be used. 

Thus at the generating station the voltage has to be 
raised to a very high value— 11, OUO volts or much higher. 
At the other station where electric energy is actually con- 
sumed the voltage again , must be lowered to 220 'volts or^ 440 
volts as desired. The instrument by which the'voltage can 
be increased from a Ibw value to a high value or from a high 
value to a low value is known as a Tfahsfonner. In the former 
case the instrument is a step*np transformer *, in the latter the 
instrument is known as a step-down transformer. t . 

It is to be noted that it is possible to increase or decrease 
the voltage by a comparatively simple instrument in the:case 
of A. C. supply. In the ,<^se; 9 f D. C. supply no such simple 

instTument is. possible- ....... - . i' • 

A simple ;transformer , consists 
of. a closed soft iron laminated core 
over which are wound two- separate 
coils which are insulated hot -'only 
. from each other but also from the 
core.’ The A.' C. voltage ’ td te 
transformed :is connected to one 
. of the coils, known as the primary, 
and the , transformed ..voltage is 
obtained from tbe other coil known 
as the secondary. Ah elementary 
Fig. 286 . theory of the r transformer is stated 

ns follows : — 

The alternating current In the primary produces a varying 
magnetic flux which circulates round the iron. core. -This 
flux being linked with the .secondary an E. M. F. is generated 
there- t Smee bott primary and secondary are wound over 
the iron core, . assuming , that there is no leakage the same 
flux is .linked with -each. .tarn, of the primary or of the 
secondary. Eet ni and fjt be the number of -turns in the 
primary and in the secondary respectively .and - at' any instant 
let N be the flux linked with each turn. Due to variation of 
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the fluz 


' E. M. F. El indaced in the 'priinary ^ ni 


dN 

'dt 


and E. M. F. Ea 


. - j dN 

,, :5econaary •= 7!2 

. . , • . . , , dt 


Hence • Ina step-up 'transformer ni ' inust there- 

•i-': Til ■ ' . . ». 

fore, be very large , in .comparison to ni. Thus the primary 
consists of a comparatively small number ,of turns of rather 
thich wire^^and the , secondary consists of a large number of 
turns of thin wire ; reverse .is the , case in a step dowh 
transformer.. - . . . .. 

If the resistance of the- primary- Is negligibly small the 
E, M. F. Ej> applied to the primary is equal to the' E. M. F. 
El induced in tbe primary. And if the current in the secondary 
be iiegligibly small the E. M. F- E/ between the two 
terminals of the secondary is equal to the E. M. F. Ez induced 

■ '■ '• ■:' 'Es-’'-' - 

in the secondary. The ratio - is known as the transformer 

'■ -r.-‘r V Et Ez 

ratio K. Under ideal conditions stated above, rr ■=:=- "*21 If 

’ > 'iip i!il 

*jj and »j be respectively the currents in the , primary and - in 
tbe 'secondary the in-put powerjM'. e. power applied to- the 
primary is Eptp and:.' the output power, i. a.' the power 

, . . ■ ( '■ ■ 'E/Vf ' " — 

obtained from the secondary is,E« */. The ratio known 

as the efnciency of the transformer;. Under ideal conditions this 

it Ep ni 1 . -- 

,fp “_E, “.Bz " K ,, - 


is eoual to one. Hence 


The resistance of tbe ' primary, however althbugh small, 
can never be zero. If we takVinto consideratibn the resistance 
Rp of the primary it is obvious that there is a potential drop 
ZpRp across the primary. In that case -Ep'~^p'Rr‘“®i- Bimilarly 
if the current tf in tbe secondary be taken into consideration 
the potential drop ' is *V Ri where' is the resistance of the 
secondary! In that case ' ' 
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E2~t»R«=E» or Es^Ei + ifRii 


Hence 


Ef +t»Rf ^ Eg ^ 
Ep""g^R|) El 


or E» + i«Rt*=‘K(Ep“iyRj)) 

«* Ef “ K(Ep — f^Rp) "" gfRr 

■=>KEp-K*f,Bp-gtRf 
“EE, -I, (K*Rp + R,) 

E, _ . K*Rp+R, 

p 

Thus the ratio is not equal to the constant X but has 

JSp 

a variable portion depending on .the secondary current »f. 
The greater is the value of the current it drawn from the 
secondary the less is the output voltage El. The efficiency 

• is in this case necessarily less than one. 

Eptp ♦ 

Art 163 efficieucy of a transformer is also 

Losses In a reduced due to various losses as enumerated 
transformer , 

f V. ^ 

(1) Eddy current loss When the flux e'-tablisbed by the 
alternating current varies in the iron core an induced current 
known as eddy current is generated in the core at naht angles 
to the flux This current generates heat ; this heat' energy is 
evidently a loss This is minimised by making the core 
laminated, < «. the core is made up of thin strips of iron 
insulated* from one another so that due to high resistance of 
the insulation very little current flows at right angles. 

<21 Hysteresis loss. Due to alternating current the core 
is taken very rapidly through Hysteresis cycles. Tbi.s is 
made a minimum by using such a material for the core that 
the area of the Hysteresis Loop for this material is extremely 
small. 

(3) Copper loss. As the current flows tbrough the copper 
wires forming the primary and the secondary heat is 


• Thin intnlation is done by Tsmishing the snips with some paint. 
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generated. This cannot be entirely eliminated. ■. 

(4; Loss due to leakage. A few lines of force produced 
by the primary current escape into air. and are not linked with 
the secondary. This is known -as primnry leakage flvx. 
Similarly some of the li'nes.of force generated by the secondary 
do not cut the primary. .This-m called; secondary leakage fiu». 
The efficiency of the transformer is reduced due to both the 
losses. These losses are made a minimum if 'there is no gap 
between the primary & the secondary and also between these 


two coils and the iron core'^ i . 

Art 164 ® 


direct current (D. 0.) 


Electric . ... motor depends on, the principle illustrated in 
motor ^ suspended coil galvanometer. Suppose a coil 
is placed between the pole pieces of ’ a horse-shoe magnet with 
its plane parallel to the' magnetic field and suppose the coil 


is capable of rotating freely about an axis pcrpeudicnlar to 
the magnetic fiield. - If a ..current be . now passed through the 
coil, the coil rotates because of the couple exerted on the 
' current by the magnetic field (Vide Art 89). This couple 
vanishes when the plan’e'^of’ thfe coirbecomes perpendicular to 


the magnetic field. Due to inertia however the coir over- 
shoots this position (known as dead ’ point) ; at the 'same 
instant if the current through the, coil be reversed in direction 


the coil continues to ‘rotate further in' the 'same direction. 
After' rotating through' 180* the '-coil again' reaches 'the dead 
point, 8. «. i.s again perpendicular to the magnetic field.'. If as 
it passes through this position^ diie -‘to ' inertia the f current 
through the coil be 'hgain reversed the coil 'continues, in its 
rotation. Thus if the current 'be' reversed after each half 
revolution when the coil dvershbbts the dead point the coil 
goes on rotating continuously. ’ ' 

It is now clear that a' dynamo provided with a' commutator 
may also act as a diriect current electric motor. Let us first 
suppose that there is a single coil in the armature and the 
commutator bonsists of 'only Wp'' segments {Vide !Fig,'233]. 
The current from an'exterhal sbnfce is led to' the brushes' 
from which the current-, nltiinatcly -passes -through the arma- 
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tnre coil. This produces the rotation of the armature. The 
positions of the brushes are so adjusted that •when the arma- 
turc coil crosses the dead point, the brushes pass on to the 
other segment of the commutator and the ’ current through th.e 
armature is reversed in direction* This happens after every 
half revolution when the armature overshoots the dead point. 
Thus the rotation of the armature is produced continuously. 

In an actual motor (which is the same as a generator), 
there is a number of coils (armature coils) placed in slots cut 
along the length of a cylinder rotating between the pole pieces. 
The commutator also, as in a generator, is divided into an 
even number of segments. Two terminals of each of the coils 
are connected to an opposite pair of these segments and two 
brushes press against the commutator." ' In the dynamo the 
cylinder is rotated continuously by ' a steam' engine, an oil 
engine or by some such agency and the current produced is 
led by the brushes to the external circuit. In the motor, on 
the other hand, the current from-an external source is led by 
the brushes’to armature coils . and continuous rotation of the 
coils and hence of the cylinder is produced. 

It must however be remembered that while the armature is 
'■* rotating due to the current from the external 

Bade E. M. F. source, it must also be producing an E. M. F. 

(as in a generator) because it is rotating 
in a magnetic field. By Lenz’s Iaw this Ei If.'F. (known 
as back E. M. F.) is in opposition - to the external E. M. F. 
Thus if E be the external “ E. M. F. and e the back E. M. F. 
generated* E-s is the resultant E.-M. F. which ultimately 
sends current through the armature. Thus the current is less 
aftefa few revolutions than at (he start ; 'for, at the start the 
current is due to the drternal E. M. F. E alone, but after 
a few revolutions it is dueto B-e. Sometimes the current 
at the start is so large that there is'a chance of the armature 
coil ' being burnt out, although It (armature) is quite capable 
of stdnding the fenol current In’ that case at the start a 
resistance is used in series with the armature. This is known 
as starting' resistance'.' After a' few ' revolntiohs of the 
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armature., the resistance is removed from the. circuit ; an 
automatic, arrangement maj; be made for the purpose. 

. We have here discussed in an elementary way the. principle 
of a D, 0,;motor. . The principle of an A. C. motor is different 
and is beyond the scope of this book, .it.,., 

Alt 165 i An induction coil iessentially consists ; of 
Induction coil two coils of wire, one wound over the other ; 
the inner one is known as the primary, and the, outer one as 
the .secondary. An automatic arrangement is made whereby; 



the; primary circuit; is made. and broken alternately. At each 
make .the primary., ^current grows and at, each break the 
‘primary current, decays and hence the lines of force due to 
the primary. , current ^correspondingly increase and decrease., 
.These 'iin'es.'being linked -.iwith-.'-the secondary an induced 
E. M, F. is generated in tbe secondary at each make and at 
each break of the primary. ; ., . . .* : 

The primary consists of a coil of comparatively thick wire 
wound over a, numberof, laminated- iron -rods — known. as iron 
core. The secondary ,consists_ of .-a ; number of.-.-turns 

of thin'witc wound over - the. primary. - A-soft 
Description iron hammer, .-H placed in ; front of the ..iron 
V core is- held ;by a lever whose -fulcrum is -F- 
A platinum point just touches the lever at P. Electric connec- 
tions are made as • shown ,in.;Fig.-23/.- Usually, a condenser 
C.is placed in parallel with .the.platinum contact at P. 
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When the key K is closed the primary circuit is complete. 
Due to the primary current thus established, the iron core 
becomes magnetised and attracts the iron 
Action hammer H. The lever carrying the hammer 
is thereby pulled towards the primary thus 
breaking the primary circuit at P. The primary current 
therefore stops and the iron core is demagnetised. The force 
of attraction on the hammer being thweby removed the 
lever springs back to its original position thus again' establish* 
ing the primary circuit. The action goes on tepeatog as 
before. 

As the ' primary ciredit is thus made and 
at^'e^ ' broken ain induced M.F, is 'generated in 
lifraatar ' the secondary at each make and at each break 
: of the primary.' The strength of the E. M. F. 
Tories as the rate at which the primary' current grows at mate 
and decays at break. This rate again depends on the-.time 

"* r) primary circuit [Vide' Art 158]. When 

the primary circuit is closed the- resistance R is practically 
egnal to that of the primary coil > on the other, hand when the 
dreuitis broken a small air gap; appeare at- fte .platinum 
contact at P, thereby increasing the total instance enormonsly. 
The time comtant being thus reduced to a large extent at 
break, the primary current decays very rapidly. The rate of 
decay of the primary current at break, is therefore much 
greater than the rate of growth at make. The E. M. F, induced 
in the secondary is necessarily mtich greater at break than at 
make of the primary circuit. ' 

■ The E.'M. F. ' in tiie secondary is', usually' 'utilised in 
sending an electric discharge ' through a gas. . Ordinarily ,\the 
E. LI.' F.' at make is not su£5denlly .large to send’the discharge. 
Thus although E.iM. F.’s are dervelopcd in the secondary, at 
make as well as at break of the primary — and these E. M; P.’s 
are oppositely directed — discharge through the gas takes place 


constant 


( 
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in one direction only, dne to the E. M. F. at;. break.. Usually 
a commutator is. included in; the primary circuit, whereby the 
current in the primary and therefore the discharge through 
the gas by the secondary, may be reversed in direction.- 


.. The presence of the condenser' helps' to increase the 
strength of the E. M. F. at break stiil more.' When' the 
primary' circuit is closed the 'condenser ' is 
, condenser charged j when it is broken .the .condense 
tends to get discharged, sending a current in 
the opposite direction. Thus mthout the condenser, at breiik 
of the primary the current simply drops from the maximum 
' value.fo down to zero value ; . whereas with the condenser, the 
current is reversed in direction, s ,e. changes from .+io to -io, 

, As a result the current varies practically at , double the 
previous -rate and the corresponding B. M. F. developed in 
the, secondary is also almost doubled. ; . . 

'The condenser also acts as ' a shunt for the - spark gap. 
..When, the primary circuit is broken, -there is a . tendency for 
an arc to be formed across the air gap between the platinum 
tips at P. This -rapidly wears away the platinum points. 
The condenser ' however absorbs' almost all the electrical 
'energy and prevents the arc from forming; the platinum -tips 
therefore last longer ■' ' ■ 


The function of the iron core is two fold. First when it 


is magnetised by .the, primary,,. current it. attracts the 


Action of Ih* 
Iron core 


iron hammer and thereby causes the , primary 
circuit to be .broken. ..When., it is demag- 
netised the attraction on the, hammer being 


gone the primary circuit is again made. The make and break 
of the primary circuit therefore essentially depend on the 
action of this iion core. : There is another important aspect in 


which the iron core affects itbe working of- the - instrument. 
When it is magnetised lines of force are generated due to its 
magnetism and^these lines are also linked with the secondary ; 
when it is demagnetised only a small residual magnetism 
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remains in the core so that almost all the lines of force 
previously associated with the secondary are removed. If the 
core has a large permeability (i these lines are much more 
nnmerons than those produced by the primary current alone. 
The strength of the E. M. F. generated in the secondary 
therefore mainly depends on the variation of these lines of 
force due to the iron core. A core having a large permeability 
and a low hysteresis loss is evidently highly suitable for use 
in the induction coil ; for in that case the variation of the 
lines of force is very large. The core is therefore made of 
soft iron (Vide Art 141), 

Further, induced currents are also generated in the core 
itself due to the variation of the primary current These 
induced currents contribute nothing towards the working of 
the instrument and therefore represent a loss. This wastage 

r 

of energy is reduced to a minimum if the iron core consists 
of laminated rods, ♦. e. rods which are long but extremely thin 
and tusulated from one another. 

It may be noted that an induction coil is in reality a step- 
up transformer. Although direct current from a battery is 
applied to the primary the primary current is never steady, 
it is either growing or decaying. Due to the variation of the 
primary current an E. M. F. is generated in the Secondary." 
As' the number of turns of the secondary is extrcmelv large 
in comparison to that of the primary the secondary E. M. F. 
is extremely high. The induction coil ie thus a step-np 
transformer. By applyfug a battery of 4 volts to the primary 
an B. M. F. of 10,000 -volts or even more may easily be 
obtained from the secondary. 


Art 166 
Telegraph 


lu order to transmit messages from one 
station to another two instruments are 
necessary: — (t) a transmitter and (2) a 
receiver. In the transmitter a lever (made of a conducting 
substance) has its fulcrum in the middle. Two small 
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metal pieces Mi and 
M* are attached to 
the bottom of the 
lever ' at the two 
ends and below 
them there are two 
Fipr. 2S8 other fixed metal 

pieces Ni and Ns. A spring S pnlls'the lever 'downwards on 
one side so that Mi ordinarily remains in contact with Ni. At 
the other end there is a knob K. When this knob is pressed 
Ml goes np and contact is made between Ms and Ns. When 
the knob K is released, by the action of the spring’s the other 
end of the lever ‘ - 



comes down so that 
contact is again 
made* between Mi 
and Ni. 

In the receiver 
also there is a lever 



AB having the ful- ' Fig. 239 

crum in the middle at F. Near the end A just above and just 
below the lever there are two fixed metallic^tuds Si and Ss. 
A spring pulls the lever downwards on one side so that the 
end A -is ordinarily in contact with Sj. At the other end B ^ 
a small iron piece is attached to’the lower face of the lever ! 
and below this there is an electromagnet- E. When a current 
passes through the electromagnet' the iron piece is attracted 
and the end B comes down ; the other end A therefore goes 
up and comes in contact with Sa and a ahort sound is thereby 
produced. When the current through the electromagnet is 
stopped the force of attraction on the iron piece is gone and 
by the action of the spring the end A of the lever comes 
down. As the end A comes in contact with Si another short 
sound is produced. 

The complete connection is now shown in Fig 240. Let 
ns suppose that a message is to be sent from the station A 
to the station B. At A as the knob is pressed the circuit is 
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Station A Fig* 240 Station B 


completed* and a current from the battery at A passes 
through the electromagnet at B and a sound is heard 
there. When the knob is released at A the circuit is 
broken, the current "throngh the electromagnet stops and 
another sound is beard at B. Thus at the station A as the 
knob is pressed.a'nd released -short sounds are heard at B. 
The interval between any two successive sounds can evidently 
be adjusted. If the interval is short it is known as a dot and 
if the interval is comparatively long it is called a dash. 
Different letters of the English alphabet are represented by 
different combinations of tbese dots and dashes* Thns in 
Morse code ,the letter A corresponds to — - . B to — **. 0 to 
— — . and so on. It is clear from Fig 240 that in a similar 

f i 

way a message may be sent from the station B to the station A 
The function of a microphone depends 
Mkrophone fact that carbon grannies when 

loosely packed in, a box offer tremendous 
resistance to the current tending to pass through* the box, so 
that practically no enrrent passes. If however the sides of 
the box are pressed the carbon granules are more compressed, 
the resistance diminishes aud a current passes through the box. 
The strength of the current depends upon the compression of 

* It trill be seen liiat there is oae trlre coanecltng the two stations. 
The Earth serves the purpose of the second wire so that the circuit is 

completed tbtnujjh the Yiarth. 
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the carbon granules and hence on the pressure applied to the 
sides of the box. 

A microphone^ essentially consists of a box B containing 
carbon granules. On tu^o sides of the box there are two 
polished carbon plates Ci and C 2 the other sides being covered 
up by non-conducting screens. The carbon plate Ci in front 
of the box is rigidly attached to an extremely th%n metallic plate 
P. By means of a cone C sound waves arc concentrated on P. 
As shown in the diagram an electric circuit is completed by 
connecting the terminals of a battery to Ci and C*. The circuit 



also contains an instrument T which responds when an 
electric current passes through it. Ordinarily due to high 
resistance in the box B no current passes through the 
circuit. But as sound waves are incident on the plate P it 
begins to vibrate. Ci being rigidly attached to P also vibrates, 
pressure on the carbon granules undergoes variation and a 
current of varying strength passes through T. The variation 
of the current obviously corresponds to the variation of 
pressure on carbon granules produced by sound waves and 
hence on the nature of the sound. If the instrument T be the 
receiver of a telephone [Vide Art 168]. the same sound is 
reproduced ; a person attending the telephone may easily 
hear the sound. If however the instrument be a loudspeaker 
sound is reproduced with increased intensity so that a large 
audience may hear the sound. 

t A microphone is popularly known as ‘'mike'’. 
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Arf 168 telephone wa*; 6rst invented by 

Telephone Alexander Graham Bell in 1878. In Bell's 
original form the tran'imittcr and the receiver were identical. 
A thin steel membrane M is stretched before the poles of a 
horse-shoe magnet E A coil of wire is w'ound over this 
magnet- One stich instrument is U'cd as the transraiiter and 
an exactly similar one as the receiver. Two such instruments 
are therefore used — one a^each station — and the coils wound 
over the horse shoe magnets in the two instruments arc 
connected in series. Suppose a message is to be sent from 
the station A to the station B. At. A some one speaks in 
front of the membrane M. Due to sound waves M vibrates. 
Being in the presence of the horse shoe magnet the membrane 
M is itself magnetised by induction. Due ^o its vibration 



colls being in series induced currents generated at the station 
A pass through the coil wound over the horse shoe magnet 
at the station B. At B as the currents pass through the coil the 
strength of the magnet undergoes fluctuations and necessarily 
the force of attraction on the steel membrane varies. The 
membrane accordingly vibrates and speech is reproduced, 
Obviously in a similar way a message may be sent from the 
station B to the station A. 

In modern times with minor modifications the receiver is 
practically the same as in Bell's telephone. But the transmitter 
is nowadays a microphone transmitter. In Fig 241 if the 
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- iastnjment .T be. the receiver of a.teJepKobe sound produced in 
front of the jnicTophone generates currents .‘which 'i-ben' 'passed 
through the coil of the receiver producejvibrations of the'.steel 
membrane and sound is reproduced, -Thus at each station there 
must be a microphone-transmitter and 'also- a-; receiver; .The 
complete connection is shown in :FAg- 243. ... Usually . -two 
.-transformers Hi and’Ha axe also used, .one at each station^ The 
secondaries of the two transformers and the coils , of . receivers 
. are all :in scries. AU the station;A when sound is produced 
;before the microphone transmitter: Ti - currents are .generated 
and’these pass through, the primary of thfe transformer Hi. 



Currents are therefore produced in the secondarj'-and p.s these 
currents pass through the coil of the receiyer.Ri.at the second 
station B sound is reprodf.'ced there. Similarly sound .produced 
before the transmitter Ta is reproduced ip, the receiver Ri,. . 
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Exercise XVII 

!• A 1000 turn circular coil of wire of radios 10 oms. is rota- 
ted 50 times a eecond about a vertical diameter. Find the E. M. 
P. generated. [H=0‘36]. Ans. 0'25 volt (virtual) 

2.. Explain the action of a generator. How can the current 
produced by a generator be made direct ? 

3. Discuss In an .elementary way , -the physical principles 
on which the working of an ordinary electric motor is based. 

4. Describe the constmotion and explain the action of an 

indnotion coil. Explain why the sparking between the ter- 
minals of the secondary, is nsually unidirectional, .although 
E. M. F's generated/ between these terminals at make and 
break of the primary are in opposite directions. -- - ^ 

- 6. Explain fully the purpose served by the bundle of iron 
wires which form the core of an induction coil,' "-Has ' the kind 
of iron used any influence on the working of the coil ? 

6. Explain in details the working of an indnotion coil 

with speoiai-referenoe to the parts played by. the iron core and 
the condenser. Can yon call it a transformer 7 Give reasons 
for your answer. , •• , , , C. U. 1934 

7. Explain the action of (a) a microphone (b) a telephone. 

C. U. Questions. 

196S. Explain the principle of action of a ' transformer and 
some of its uses. Obtain a relation between the turns ratio and 
voltage transfonnation ratio for an ideal transformer. ' " 

^ 1970 (a) What is transformer? Explain the principle of its 

action. Discuss its importance in power transmission. • ^ ' 

(b) Explain the working of a D.C. motor. Why is it necessary 
to have a starter in ‘a large D.C. motor ? 

, 1974. Describe the construction of a Direct Current Gene- 
rator and give a sketch diagram. Explain how the output 
current is made unidirectional and the advantage of having a 
number of coils wound on the same armature. What is meant 
by the efficiency of a generator? 



; " ^'CHAPTER’xyin' ''V‘ 

. ' • -AWbrnating ctrRRBNT.,. , ;; 

We Have seen that the E. Mi F. produced 
■ArtJ69 ■ by “an'^ A. ■ C. ■ dyhanib -is expressed by 
’ E“Ei’ cos tat ’or E — Eo sin iot. Graphically, 
the E. M. F. is represented as shown belowi 



The current produced by ah alternating Ei M. F, is also 
alterxiatitig, i. «. is a sine or cosine function of tiiiie t j it can 
also be represented graphically as above. 


2w 


The period for a complete cycle is and that for half 


a cycle is. - 


X 


U) 


Average yahie.bf E. M- F/ durring a complete cycle is 

obviously zero.:' for, during one half of a .complete cycle 

. - the E- M. F. is positive and ..during, ; the 

Avoraeo E. M.-F. ' ■ , : ■ 'v. ' ' 

, other half , it IS negaUve... .Whonhowever we 

speak of average E. E*^we mean ithc avcrage-,.pv.cr half, a 

complete cycle. • ^ , .. •. j 

In the case of a sine function 'the i t|me ' for half a cycle 

extends from 0 to In the case of a cosine function it is 


to 

rr' • • 


from ~ to --- ; it is however more usual to take it from 
2w 2 k> 


.0 + ^ [ Ss. Ke. 244 ). 
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Thus, for a sine function. 


J sin tot dt jo 


JZ 

to 


Average E.M.F. • 




jrr^ 

w 

dt 


TT 

to 


E c 'k 2E 

( > • . 

For a cosine function, 


C 2w - ~ ' EoP' . 2u 


Average E.M.F.* 


r 

2to 


2to 

tr 

2«; 


f 2v> p 1 2u» 

I . [‘J , 


IT 

2to 


2ia 


E 

to 




2E 


to 


2E ' ^ 

Thus in either case average E. M. F. — — 

7Z 

More usually however we find the average in another 
way. We square the E. M. F. (so that for both halves of the 
complete cycle the result is positive),' next we find the 
average value of this squared E. M. F. and lastly we extract 
the square root of this average* This is what we call Root 
Mean Square E.M.F. or R.M.S- E.M.F. or virtual E.M.F. 
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For a sine function, 


•; r*.- h, 


r ' ' f ^ 

! ' ■ . i jjr So* sia^wt dt 

Average squared. E. M. , 

■ TT ' 

1 . : J 


J (I - cos 2wt)dt '. - ‘ ^ 

2 — ^ . sin 2tot *1 

JL 2^ L* . ■ 

to 0 

'■ l-v. ■ 

.■'■■2r; \ to 2 _ ' ; 

For a' cosine function, . 


1 ■ f 

j 


■ . .K 

r^2io 


Eo® cos* lol dt 


Average squared E. M. F. - — — — - 


2u; 

d«V. 
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2 ( 2w \ 2tti/j 


jr 

w 


2 . 


Thus in either case 


Average squared E. M. F.“ -^- 


Virtual E. M. F. 

Jl 


fi I 


N. B. Here we have taken the average over half a cycle. 

But since in this case the E. M.’ F^is first squared, the same 

result would follow if we find the average over a complete 

^ ^ , 27r 

cycle, ». e. if the limits of integration he taken to be 0 and — 

w 

for both sine and cosine functions. ^ ^ 

Thus we have Maximum E. M. F.*=E 


2E. 


Average E. M. F.* 


Virtual 
or R. M. S. 


E. M. F.> 


E 

o_ 

-v/2 


Numerically, average E. M. F. is” slightly smallb than 
virtual E. M. F. For 


2E 


Average E. M. F,” ----O'eS? E 
3 14 0 


and Virtual E- M. F.— 


E ^./2 


-s/2 


EpX 1*414 


-0707E 
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In an A. C. supply when we say that the supply E, M. F. 
is 220 volts we always mean that it is virtual E. M. F. The 
maximum E. M. F. is therefore - 220 ./2-311 volts approx. 
It is now clear why A. 0. is more dangerous than D. 0. For, 
if we get a shock from 220 volts D. 0, the shock is from 220 
volts and not more ; but if the shock is from 220 volts A. 0. 
the maximum shock is due to an E.,M F, of more than 300 
volts and hence it is more severe. 

Since in an A. C. supply the current is also a sine or 
a cosine function of time the above results hold good for an 
alternating current also. 

- . Thus, if the maximum current “t 

• . 0 ' ' ' 

. ^ 2i ^ ‘ ’ 

, 0 

’ average current “• — _ . 

?r '' . 


and virtual ) *0 - - t ' 

or R.M.S. , 

These results may be obtained exactly in the same way as 
before. ' ^ ^ 

Art 170 We shall now find an expression for the 
power absorbed in an A. C. circuit. We shall see later on 
that generally speaking,^ there is always a phase difference 
between the E. M. F.' and the current. Thus if the E. M. F. 
be E^'sin mt, the current “ip sin iwt + 0)*. Hence average 

power 


TT 



* In some caHfs it may be sin $) 



36S 



TT 

to 

sin let (sin te£ cos tf+cos tot sin 0) dt 


to 


•ft ■' 


(sin* tot cos 5 + sin tot cos tot sin 0) dt : 


-'''toE i’ f' w " ' ' ' ' ' ' ’ 

mi — /' i{(l - COS 2 tot) cos fi + sin 2tot sin S] dt^ 

•ff* 


toE t‘ (■ sin 2to<*] ^ P cos 2tot ~| to f '. ) 

- — 2to J cos 5-| 2to J sin^f 

0..^.., 0 


2;r 

toE » 


toE » , E • E t 

. M - ~ cos 5 - cos 0 — - V— X -yv= X cos S 
2;r to 2 V 2 V 2 

-• virtnal K. M. F. x virtnal current x cos 6. . t 


, In a D. C. supply power “*E. M. F. xenrrent; but we 
find that in an A. C, supply in order to find 
Power factor, the power absorbed the product virtual 
E. M. F.x virtual current has got to be 
luItipHcd by the factor cos 6. This factor cos 0 is known 
(S power factor. 

K. B. (1) Here we have taken both E. M. F. and current 
to be sine functions of tline. ■ The ‘ same result however 
follows if we use cosine functions, - but in this case the iimits 

of integration are to be taken as — — — and + -:~ , , 

2w 2x0 • . - - ' 
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(2) The power factor is the cosine function of the phase 
difference *, so in any particular case if there be no paase 
difference the power factor becomes equal to unity. 

We may consider the problem from 
Art 171 another standpoint which is perhaps more 
illuminating. As before let the current 
be lo sin {wt + B) produced by an E* M. Y. Ed sin tol. 

The current'^ t^to sin (iot+^1 

“to (sin wl cos 0+cos wt sin 6) 

Thus the current consists of two portions u cosO sin tc( 
and .to sin 6 cos wt. Of these the first portion is . in phase 
with the E. M. F. {both containing the term sin wi) and the 

second portion is at right angles to the E. M. F. ^ the phase 
difference being 2 "^ 


Due to the second portion the power 
tv 

sin B cos wl E sin wl dt 


f 


f 


dt 


4* 

I ^‘■.u ^ i ^ , 

0 1 ) ; ■= n 2a: 


di 


"Vo 


w 


S’o . gfl- ^Vo 

— Sin B. 2U-J ^ 


Thus the second portion contributes no.h 
rug towards the power absorbed. This ,s what 
rs known as "Wattless Current". It tna> be 
noted that the power corresponding 'to the first portion 0 
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current viz. cos 0 sin tot is i cosS-~the same as 

obtained for the total current. The first portion is therefore 
the power component. 

Art 172 We shall now determine the current produced 
by an alternating E. M. F. under difi'erent conditions. 

We first consider a circuit containing a non-inductive 
resistance R and a source of alternating E. M- F. E^ sin ui(. 

Here the equation is obviously 



Fig. 2 <s — t sin wf 

0 


In this case the current is in phase with the E. M.E. The 
phase difierence is zero and the power factor is therefore one. 


Art 173 

Circuit 

contlaning L & R 


Next we consider a circuit containing an 
inductance L a resistance R and a source of 
alternating E. M. F. E^ sin tot. If * be , the 


current at any instant, the E. M. F. due to self-induction 
is - L • Thus total E. M. F. being E„ sin tof - E 

at 0 * at 



This equBtion njBy be remembered In the following way 

■ "E. M. F. , Ohmic tt it rt 

dne to indcctsnce E. M, F, total E. M. F. 

•nd can be written down at once. 
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' Writitig we have - . , ' , 

(LD + E) » = E sin ttif * * ' - t- ' j ' - 

0 '_ 

E sin wt E {R-LD)sinwt 

. , 0 0 

multiplying both numerator and denominator by E-LD. 

1 r • 

E (R sin wt - Lw cos wt) 

j” ' 

R® + LW 7 


(A sin ti'i cos ^ - A cos wt sin '?>) 


R*+L*u>* 


E A sin (wf - <f)) 

0 ^ 


E^ + L'ia^* 


E 


a/E* + LV 


j-^sin 


■ sin (tot - 


wh ere A •=—,== - 


where E ■= Acos- 
and Lw *■ A sin § 

. 4 . 

. . tan 

andA*“LV + R? . 

X ** ’ 

/. A>=--v/lV + E“ , 


(61) 

( 61 /j; 


* Ds: n as an operator In solv:ng diCTereftial equstions 

s operator c« ' as an algebraic quaiii ly. The following 

property of thisoptm^ij, i» utilised. 

D (sin — V‘ 1 hns D® mav be replaced 

D* sin tof) =(-»!) j-jn by w ®. 

•* This solution Vnown ^ ’as 'Particular Integral’ is only a part of the 
complete solution. He olhe^'C P“’'‘ hnou-n as 'complemeotaiy function 

\ 

is*— Ce L ■where C Is a connstant. Obviously ■with the increase of 

/ 

time 'f the term* " i’ grad'naliy and quickly becomes vanishinglv 
small. Hence this part Isvfot finally effective and has not therefore 
been considered. ' , i - "i- ; < 



369 


Thus there is a phase difference 4> between the E. M, F. 
and the current. Since ^ is negative the current lags behind 
the E. M. F. ». e, maximnm and minimum values of the 
cnrrent arc reached a short time after* the corresponding 
values of the E. M. F. (Vide Fig. 247). The phase difference 
is called the angle of lag. 



: Tig. 247 


. -In an A. C. circuit R, is the _ resistance, i.ta is called the 
reactance and v^R*+L*to* (s known as the impedance of the 

' ' JjV ) ' " 

circuit. Hence from the relation tan we have*-" -.1 

■ ' ' '' ® -r " 

tangent of the phase difference *• ■ ;c v.. (616) 

• '■ ' -* : «:■; r Resistance 

Reactance is usually represented by' S ' and . , impedance by^ 
Z. Also from (6ld); 1" • -' t -- -• . 


^2 ; Vb>+w. , . 


• ' ' ' ' *53“ S'lT ' ' ' 

The “E. M.'F.'Ec'tl'n'tpt IS' «ro"at, times , .^.vrhercM 

m, to- 

the current io“sin (mr-iijls zero rrheB , --+-^-2 ' — 'a-^ " 

14 * W W . XP W 

Thus the zero vsitats of the current occur tt times-— after the 

correjpopdini; values of the E. M* F. Similar is the case with maximum 
vjiues*. " ’ r ' ' ' •■•v" 
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Le. iriM • 

. -. • ;v Impedance > ; 

''’■■■ ■ ' "•• ; ■ -■■' E-" ; • . ■ ? : ; 

: - , *•«• ; V* (61c) 

•where I and E are -Tirtual current and virtual E.' M. F. 
respectively. Equation (61c) corresponds to Ohm’s Law in 
continuous current circuits. Thus in A. C. circuits impedance 
Z plays thp same part as resistance R in D. C. circuits. It 
may be noted that Z has for its limiting values R for very 
low frequency and Lw for very high frequency. 

In A. C. circuits 'whenever we speak of E. M. F’sj and 
currents we always mean virtual /E. M. F’s and virtual 
currents. ■ Equation (61c) is thercfOTc of great importance in 
•working out problems. . . ^ / 

Choke coll The current in an A. C. circuit may 

therefore be ' diminished, by increasing the 
impedance. Since impedance depends on resistance R as well 
as on inductance t/, the current can be decreased by increasing 
R or by increasing L. The latter is howe'ver more economical ; 
for heat generated in a wire depends upon. the resistance R, 
If R be increased heat generated is also increased. This heat 
energy cannot usually be utilised and is tber^we a loss. On 
the other hand if we insert in the circuit a coil of thick wire 

of a fairly large number .of. turns, .■inductance ! is inCTcascd 

but resistance is not appreciably altered and hence there is po 
corresponding loss of energy. Such a a coil is known as a 

‘choke coil*. • . , 

Jn alUmating E.M.F. of ' 200 voltt, 60 cycUt is applied 
to a coil of 20 ohms resistance and 0'2 henry inductance. Find 
the current and the angle of lag. What is the power factor of 
this circuit 1 Find also the P.D, acrctsAhe inductance . and the 
P.D, across the resistance. 


to ” 2’'’.50 • 


Hence from (61c), 


^/20*+(0'2x lOOrr)* 20^/1 + ’^* 


=3‘d33 amp 


current * 
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If 0 be the angle of lag tan A- 


0‘2 X lOOr 
20 


-TT 0-72*21' 


Impedance 

triangle 


Power factor— COS 5 —0*3048 

P. D. across the inductance— i.eoL— 3*033 x 100* x 0*2 
— 190*5 volts. P. D. across the resistance— »R— 3*033x20 
-60*66 volts. 

If we form a right angled triangle ABC 
with sides AB and BC equal to Lto and R 
respectively, the hypotenuse AC is equal to 
js/r* + L*v>*. Thus the resist- 
ance R, the reactance Lw 
and the impedance^/ R* + L*io* 
form the three sides of the 
right angled triangle. Such 
a triangle is known as 
impedance triangle. Also 
from Fig. 248, tan 4.ACB- 

Comparing this with 

Xv 

(615), we have Z.ACB-§, ». a. in the impedance triangle 
the angle between the resistance and the impedance is the 
phase difference 
Further, from (61) 

*— i sin (io<-§) — f sin «7< cos § - 1 * cos icl sin ^ 

11 n A • 



E 


-v/R»+L*io*VR* + L*to* 


sin tot 


Lio 


'• cos of 


is/R* + L®w* Vr* + h*vD* 

[ Substituting the values ip, cos ^ and sin i> ] 
EoR E^Lo 


Thus the current i consists of two parts 


^0^ 


R*+L»iP* 


sin wt 
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find cos wt. The ionner is in phase -with and the 

Utter is at right angles to the E. M. F. E^sin loL The former 

is the power component and the latter is -wattless [ 7ide Art 

171 3. 

Alt 174 Currents and E. M. F’s in an A. 0. drcnit 

Vector Diagram conveniently be represented in -what is 

known as a Vector Dia^am. In Fig 249 let OX and OY be 
two axes and let the constant vector OA representing the 
maximum E. M. F- E^ rotate with a constant angular velocity 

» in the direction of the arrow. If f be the time in -which the 

A AOX is described -we have A AOX “ tat. . 

The projection Oa of OA along OY-E sin tat. Oa tbere- 

0 

fOTerepT^sentstheE. M. F. at any instant. Let A A OB be 


Y 



equal to the angle of lag ^ * 1 ^ J dra-wn 

perpendicular to OB, 


87S 


Then OB “ OA cos ' 


and AB*"OA sln^"*- 


E R 
0 


s/L*»* + R* 
LtoE 


JVto^+R‘ ' 

■ Projections of OB and AB on Oy are Oh - and ab respect" 
ively. They are given by ^ ’ 

E R' 

06-0B sin r"7======= sin (wf-4)j 

, y L*io* + R* 

— R* [From {6lj]**Ohmic E. M. P. 


LioE, 


and ah«"AB cos {tot— 4)^ 
dit 


Vlv+r* 


cos (irt 


! Cri"''.' 


—L-r. . "E. M.'F. due to indnctanc*. -? i. 

Again from thfe diagram we have 

Oh + oh Od^-' -■'-'. 7 ' 
. ■ Ohmic . E. M.F.due . ' ToUl 

- ’ . .;,K* M. F. - .to indnctance,.*: ;,u: ;B. Mj JF.' ,p 

Ob 

FnrtheTt If OC be equal to — . ■ 

Projection Oo of OC along Oy 

— OC sin sin (wf-^) ; . . 

current at any instant. 

* Since tan ~ we have cos 4 "■ — >■ . ^ 

K . .,Vlv+r* 

Lu. 


and sin 4 


L*u)*+ R*’ 




+ Since i /i-i— i — sin {tot - 4) 

a/LV + R* , N 


twE - 


h 


di. 




C05'(»J-d) 


' 87 * 


As the vector OA r ates'-.with a constant angular velocity 
to, the vectors OB and .OO also rotate ‘/with the 'same, angular 
velocity and projections of OA^ OB, AB and OC on Oy 
represent the total E. M. F., Ohhiic E. M, F., E. M. F. due to 
inductance and the current at. any instant. Thus the diagtam 
gives . us all information about thh'^E.iM. F, and, the current at 
every instant. Such a diagram is known:as .a.Vector j'Diagram'. 


We next consider a circuit containing a 
Art 175;' j. .non-inductive resistance E.'wa ' cohdenser of 

Circuit , 

containing C & R capacity 0 and a source of alternating E.M.F. 

E^ sin, taf.r As the condenser is charged it 

develops : a; P. D, which is in 
opposition to the E. M. F. of the 
alternating source. Thus .“at " any 
instant if Q be the charge on the 

Q 

condenser, ^ is the corresponding - f 


R 

,vvwv- 



Fig. 250 


Q 


E. Mi F.'ahd the total E.’M.-F.'-in the circuit is sin wl—^ 

If i be the instantaneons rvalue -bf the -current" we have 


^ • Q T, . 

E„ sin taf - - R» 

- ^ 0 ^ S^i\ '■ 

r ;0' 

or R» + 7^ -E^sin wf 


t.e, 


Ohmic 
■E. AI.F. 


- -E, M,F.. • 

due to capacity 


Total ■ 
‘ E, M. F. 


E'ifferentiating and-'remembering"'that 


’»V we have 


R~ + ., “E„ wcos tot 
at Kj 0 


Writing D 


'dt 


or t' 


v> cos wt Ew ( multiplying both 


RD + -§‘ 
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Domerator and denominator by q 








>]• 


E (A sin e. cos mt + A cos 6. sin wt) 
0 ____—— 


a 


J_ 

rC* 


+ E* 


1 


wb«e ^-Asin^andR-Acose 


(sin wt cosS +COS wt sinO) 




/. tan 


1 . 
wOR 


and A*" 


/.-A- yJ^tQn 


i+R* 


E sin (wJ+P) 

-» sin (w{+®j* 
0 


B. 


where » 


( 63 ) 


0 /_L-+P2 ' ' 

Vto*C* ® ^ .. 

The phase difference 0 is in this case positive. The 

• Asia Art ITS tii» solnflon i» the ParUcnltr Integral. The com 

Icmentary Junction irf .--Ac'c^ At this vaniahea Tery qnieWy 
•ilb increase of time this has not been considered. 



876 


current therefore leads , the B, M, F. i. e. mazimnni and 



mmimum values of the cnrrent occur a little before the corres- 
ponding values of the E. M. F. [ Vide Fig. 251 ] The phase 
difference 0 is called the angle of lead. In (62o) R is the 


resistance — thereactance and 
wC 

’\l -; - ^r +'R* is the impedance. 

The current in an A. 0. circuit 
may therefore be reduced by 
inserting a suitable capacity. 
The impedance triangle is as 
before a right angled triangle with sides equal to resistance, 
reactance and impedance. The angle between resistance and 
impedance is again equal to ^ the phase difference. 

Lastly, if R"0 the impedance is reduced to and 6 



to — . Hence,(froni (62) and (62o) ' - 

2 - 

i E wO sin (icf + n/») 

0 - 1 

— E taC cos wf . _ _ 

0 - - - 

This current— the charging current of the’ capacity is at 
right angles to the E.M.F.,Ep sin ia< and is tterefore, wattless. 
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Again from {62a), 


•0/ 




-s/ 2 


/•m+k’ 


». e. Virtual current 


t4) C* 

Virtuaf E. M. F.’ 


(62c) 


Impedance 

A 20 volt 6 watt lamp' is riin from' a source of ^ alternating 
E 3f. F. of 200 volts and 50 cycla. Find the capaciiy~of the 
condenser used in series. ' , ^ ~ . 

The current t (through the lamp)“^*"0’25 amp 

• n/i * 

R (of the lamp)“ r-r^^SO ohms. And tt>«=2ff.50-='100ff. 
t) 25 , ^ * 

Hence if G be the capacity of the condenser, we have 
from (62c). ; 


0'25' 


200 


V. 


80* + 


1 


80* + ; 


CM 00' 




■800* 


G*.100*-* 

Solving, 0*»4'0 >« 10"® Farad“4 ;u/i. ^ 

We now consider a circuit containing a resistance R, an 

^ inductance I», a capacitance C and a source of 

Art 176 „ alternating E. M. F. E sin wt,~ 

Circuit 0 

^ ^ . If at any instant Q be the charge on the 

, condenser and t be the strength of the 

current we have ' 

^ L^+ R» +Q- •» E sin lot 

dl Go 


E. M. P. due 


Ohmic 


to'indumicc + e:m.F. + :-;-:;7>TotalE.iI.F. 


.d=i 


Differentiating L“ 1+ R ^1 + -^- E. to cos wt 


F..M.F. due^ 
to capacity' 

,d{ * 


Writing Ds 


dt 


^DD* + RD + -^^.- 


" E to cos to/ 
0 


E„ 0 ) cos wi 
0 


E to cos wt 
0 i 


DD* + RD + ^- -Lto*+RD+ ~ 



E » -[l 

i-Lm. 1 

i - R D }• cos wt 

«, 0 1 

KO J 

' > 

1 

(i-w*) 

|- -R*D* - 


multiplying both 


numerator.and deuominator by f ~ -L,m* ] - rd 

r;’.- tG icvi.;;’;'/.. 

f /1 v-:-r ^ 

Si/; <1 — — T w>/4- Tfuj etr, tm L 

'o '\ '\ 




I- cos wi,^ ^ , 

/V.n- 

E j (mO K'^ + R'sih m ^ 

^ . ' ( Q -L<y ■' ' ' " 

i v* i-':.' 'y.'J ;,.'> sv,: 0 }; C’.'i 

A cos wi sin <^ + A sin wi cos <}> 

'(^-L”) 




C «in tol cos 4> + cos wi .}: 

(63) 


.'(I-. ;;■ 'Kj Sin'(ictH-^) f 'j yj-.'.y,] 


''(„c 


+ R^ 


.'• M' 


where A sin ~ hw 

■ t “ \i 1. . . 12^0 


aiid' • "'A cos ^VR' l 

.(*'« fir. 

1 




... (636) 


■ A-K ■■: 


-=* sin (w/ + ^),* where ' 

0 

•"■ ‘E ’ '^■ 

■ o_ ■ • _ 

» “ |7~| (63a.y 

’ 

' • AS in'Arts' J7S and 177 thii solution is the ParUenUr integral. The 
compleoientary function is »*=Gi e^’* + Ga wbere^ Ci.and G. are 
constants and «‘ & /J are the roo'ts 

essentially negative. Hence.the corapiemcntary,,funct|on d|e» of[ 
ly with increase of time and has not therefore been considered. 
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We know that ^ is the reactance dae to 'capacity 
and Lw) that doe to indnctance ; -when ; both are- .present 
the effective reactance is 6°^ the impedance is 


■^(sa-^y 


+ R*. Due to indne^hee the current lags 


behitid ' the E^M." F. and due’ to’ capacity r-the: ’currentoleads 
the E. M. F. ; when the circuit contains both’inducthnee- and 
capacity, the current lags or leads according as, the? reactance 
due to the formers greater or less than ^that .dne: to* the 

latter. This is evident from equntion,(6S6). If — 1^, ^ is 
■ i V.' y- 'vriV; 

positive and the'-current lead? the E. -M. F. 5 ,on’the. other 

hand ^ lis ' negative and’ the current ’ lags 

behind the E.‘M. F. ? 

E.-,: 

If ^“"0 and from (63) ♦“— sin, tcf ». «..in this 

, . ZVU K ~ ■ ; 

case the effect of'capaclty is' exactly ' counterbalanced by 'that 
due to, .inductance and the circuit behavw as a non-inductive 
circuit. ' " ' '■■■■’■ 

This is also known as the case of resonance — resoniiHee 
for rtriet cirfiuit. ' For, from equation {63o). it is obvious that 

i is maximum, when 

0 4 . 


inO 

i. «. when 


-I/O 


r.t 


W — ' 


, Veo 

E/ be the frequency of the alt^ati^ E. M. F. 

- /-jg-, - 1 

' 2 * 2x,^to, - ■■ •' ; " 

iEqnation (69a) in Art 160;tells ut that when R is negligibly 
*****^ ^ called the natural fr^uMicy of the circuit. 
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.yjc ihps learn that irhen the freqnency of the imposed 
E. M. F, is equal to the natural frequency' bf the ‘circuit the 
current produced is maximum.'. (Ownpore thit^ with: rotonanc* 
in found.) ^ ^ 

^ 177 I,et us now'consider that in one branch of 

^ Parallal , _ ^ parallel circuit there is an inductance jE.and 
Ressnarice Other a capacitance C. ' Let hsy'also 

suppose that the iesistance^iitjeithe;' ,of the; two branchta .-is 
rncgligiblyv.:small." - The;-.,:. ij-.-L nii f-r’- J 

current * from the- alter-.- ' ' • ® 

nating source S'is divided 
into two „ currents, *i 
along the inductance L 
aad ' it ' along <’ the • capa'l 
citance . 0, Obviously, 

#■“11+ IS. 

Let u.s suppose that 
an E.M.F. E ■■ Eo sin wt 
is 'applied 'to' the" 
terminals A and jB of, the., parallel circuit, i. t. _the B, M. F. 
E*",Eo sin wl is applied %to the , terminals of the inductance as 
well as to those of the capacitance, l^hen for the inductance 
branch - v , 



Fig. 553- 


or' 


2 " ■* " ' 

ti— cos wt -, 

1 LtP 

r 

Q _ . , 

And for the capacitance branch sin wt. 


r '^'-Eo sin ifo 


Differentiating, -k- — EoW cos lof or ii-EowCcos 
Hence , 


wt. 


K Ow- , *• a. if «?- current i from the alter 

L«7 .^LC-'"'- 

natihg source is zero’.' The corresponding 'frequency is given 

yy /^ JL-iS — for this frequency of the altcma- 
2ir 2’rv'LO '' * 
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ting E.M.F the circuit acts as a perfect choke, i.e. no current 
is allowed to pass throngh. It will be seen that when there is 
no resistance this frequency is also the natural freqhency of 
the circuit. ■ [Vide {59a) Art 160] In the ' previous article we' 
have seen that in a series circuit, for this - frequency- thie' 
current is maximum. And now we find that in'-a parallel 
circuit, for the same frequency the ■ current is zero. The 
series circuit is called a resonant circuit and’ the parallel 
circuit is kuown'i as an anti-resonant circuit. ’ ■■■ 

. Tt should.be notedhowever-thatthe resistance in 'either -of 
the two branches; .although small; is 'iievef zero; If we'SuppdSe 
that there is a small rcsistancci R ^in the inductive- branch” 




the current in this branch is «•“— rT=p==== sin where 

,, . . , , , /v^R* + L*to* . , ^ 

The wfittless’ component' of' this current is 


ten 0 


Lw 

R 

'e' 


sin 0. cos 


E^Lw 

,0- 


COS tot 


. j. • 


substituting the 'value of sin fi,- In the capacitance branch if' 

there 'is no resistance the’ current is 'E icC cos wt hnd this is ' 

O'. 

obviously wattless. Thus, the total’ wattless current in the 

T? T 

main circuit is E^ wC cos wt - bos' - 

f*. . ... R* + I. » ■; 

This is zero when EawC - or . 


or w 


R* + LW 


i-R*+LV 




to 

2x 


1 


2v 




(64) 


-L. ^ — 

.Thus for this frequency of - the alfematiag lE-iM./F; the, 
wattless component in the main current ■is,7zett»,t. The-., power' 
component of the current in the impedance ' ” ' - -is. however ; 
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E. 


a/E® + 


cos (9 sin tof* 


E'E 

0 , 




substituting , the - value of, cosvO. This,- component, passes,-, 
through, theiparallel circuit, as -the power component. of the 
main current. This is however quitfi;small, if,,R is.extremely.iv 
small. .Thus when the frequency, of ;the alternating E. M. F. v- 
is given by (64). a smallv'current; passes ithrough the parallel-' 
circuit, i, e. there ,isr;.a small leakage, of current.thrdughithcf 
circuit., ' .It .should be , noted- .however- that in tbiS .case the 
frequency • as,. .given by'(64),; is not: exactly, ;the .same- as the 
natural frequency of the circuit. , 


Similarly if there is a stnall resistance also in the capaci- 
tance- .branch ' there is a power - component of the current in - ■ 
this branch also and the main current is also increased by this 
amount, ». «. the leakage current Incrfsases..; 


Problem. A coil of negligible resisianoe and induclance 0'02 
henry it in term wiPt a wire of zero inductance, and retistance 12 ^ 
dhmt. An B. M. of 130 volte 40 cycles it applied.' .‘Calculate 
(l) thecurrer^t (2) the potential difference, across the-resistance 
{3), ihe poienUal difference across the .inductance and [4) the angle . 
of lag. ' 

io=2:^=^j'x 40=25 U- ''■■■'■ ' ' '' ■' ■' 

Inductive reactance==L«/'—0‘O2x 251 ■2=, 5 ohms ; 

. •. Impedance= VR® '+L®a;- V 12‘+5-=> 1 3 ohms 
130 


Currcht= 


13 


= 10 amps. 


P.D. across resistaiice=Resistancexciirrent=12Q .volts. , 
P.D. across inducta.ncc=Rcactanccxcurren(=50 volts. 


Angle of lag^tan'i- ~=tan'*^ 


An alternating E.M.F. is represented by the equation E-— 
200 sin ‘ ( lOOnt ) rolls. ■ fV/iat are the frequency and amplitude oj^ 
the E.M.Fi ? If this EJM.F. is applied aerbss'd, series cbmbihiifhn 
of a" resistance of 20 ohms' and- dh inductance of 0.15 henry. 
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Calculate the R.M S. \alue of the current in the circuit and the 
pha^e lag of the current. C. U. 1970 

HcrcHJ=100r Frequency =-^=50 c'i 


Amplitude=200 volts 


Virtual E M.F.== 


200 

V2 


=100\/2 volts. 


Virtual current i- 


100V2 


v'20HC15f. lOOV 

If <? be the phase lag 


—2.16 amp 


.Calculate she inductance that ^houtd-be med in series- with a 
100 volt 1000 watt electric lamp so that the combination may 
be connected to a 200 vnlt {peak \alue) A.C. source of frequency 
S0c.p.s. C.U.I972 

When the lamp is connected to the S''urce of 100 volts the 
number of watts consumed is 1000. 


. The current through the lamp = 


1000 
100 " 


10 amp 


and the resistance of the lamp== 


IJM 
10 " 


10 ohm 


When this lamp is connected to a source of 200 volt (peak 
value) the inductance used must be such that the current 
through the lamp is still 10 amp. 

■’00 

Now 200 volt (peak value)=^^= 141.4 R.M S. volts, 
and IV— 2f^=2~x50=100>r 


From equation i„~= 
10 = 


E„ 


v/R’-hL-ii'- 
141 4 


VlO’-’-LMOOV 


Simplifying, L=0.032 henry. 
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Art 178 

Dlstriblitioh 
of current 


' ■'We may no-w discuss how current prod iiced-^ 
by a generator is distributed oVer a large area") 
■where ..electric energy , is aetuQUy- consumed.' 
The wires by which the current’is led from the generator to 
the consumers are known a.s Leadt. Lamps,, tans, . and , other 
instruments placed in parallel between the leads are run by 
the potential-difference between the leads. Now although the 
resistance of the leads is kept quite small by using fairly thick 
wires, it cannot- be entirely-' eliminated consequently. there 
must be some drop of pblcntiai along the leads. It is therefore 
obvious that if the current Is to be supplied , "over a large, area',* 
the potential difference between the leads at the remoter .parts 
must necessarily be considerably reduced. Let us now suppose 
that the voltage at which the current is transmitted is fairly 
high ; then, for the same consumption of power the current 
through the leads must. necessarily, be less .and, hehcc'.pbtential 
drop along the leads is also considerably ]ess.‘' Thns''wben 
the voltage is high ■ the ^potehtial ' drbp"'fiilong the' leads is hot’^ 
very serious. There are. also other weighty 'reasons why 
it is' necessary to have a high'voltsige ' when electric . \cncr^' is 
to be transmitted to a fairly large distance. ’ . ' . ' 

With A. C. supply;; voltage may,; be stepped up or stepped 
down at any stage by meaus of .suitable transformers. Thus 

■'! Leads 


Fig. 2E4 



Leads 


when alternating current is generated at the generating station 
voltage is increased to a-.-high .valnp, by a step.up transformer. 

At this high voltage eIectric' 'energy_is,trans^itted_to a number 

of sub-stations suitably scattered ©"per the large area. At each 
such station voltage is lowered to any desired value by means 



S8S 


of a step-down transformer and current is supplied to the 
consumers at this low 1,011380. As each of the substations 
serves a comparatively smaller area loss of voltage along the 
leads does not become serious. 

Three phase Tbe coils in the armature of an A. C. 

sjritcm generator arc connected in such a way that 
there are usually three different circuits. These circuits are so 
wound that the E. M. F. generated in any one of them has a 
phase difference of 120’ with that in any other. Such a generator 
is known as a Ihree phase* A C. generator.' The B. M. F’s — 
known as phase E. M. F’s -may be represented by Ei“ 
E sin O'!, E» •’ E sin (a'r + 120'), E3*»E sin (u'l + 240°). These 

o o o 

E. M. F’s may be applied separately to the external circuits. 
But in that case two leads for each E.M.F. 'j. e. six leads in all 



A , 



Fig. 255 


Someiinjes there are more’ than three circuits in the armature. 
The generator in that caae is called Polyphase. 
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are necessary. To reduce the number of leads the circuits 
are connected' as a Siar or as> & Meth. Ja the former cast 
[ Fig. 255 (a) ] one terminal of each cirenit is connected to a 
point — called the neutral point and the other terminals are 
connected to the leads. In the latter,, case the cirenits are 
respectively connected to^the points A & B, B & 0 and 0 & A 
of a mesh, ABO [ Fig. 255 (6) The ^points' A; B. G are 
connected to th& leads. Any two of these /three leads supply 
current to the, consumers. This arrangement is known as three 
pfta*c toiVfl system. • 

Distribution of leads is so made' that power consumed 
between any two leads is approximately the same, i. e, ‘the 
load is balanced. In cases where -load is . unbalanced, 
especially when power at a comparatively high voltage is to' 
be supplied to a few consumers tte three . phate /our laire 
system is used- In this case a i fourth line— called Neutral 
line — is connected to the nentral point [ Vide Fig. 256 3. The 
potential difference between^any one lead and the neutral line — 
this is in reality a phase e!M.F. — supplies current to ordinary 
consumers. Where a comparatively, high voltage is required 
the potential difference between any two leads is used. If 
the phase E. M. F. is 220 volts it' can easily be proved that 
the potential difference' between any two leads, is equal to 
220*/ 3, i •«. to about 380 volts. 



We arc now in a position to understand 
Art 179 action of an Earth Inductor. We know 

Inductor that^the Earth /s a huge, magnet producing 
magnetic field everywhere in space, in Its 
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neighbourhood. The Earth’s held at any place may however 
be resolved into two components, the horizontal component 
H and the vertical component V- Thus at any place we may 
suppose that there are two sets of lines of force — horizontal 
lines due to H running north and south and vertical lines due 
to V. If a coil be rotated in this magnetic field .-due to the 
Earth, number of lines of force cutting the coil varies and an . 
induced E. M. F. is generated in the coil. , . . 

First, let us suppose that the coil rotates about a vertical 
axis V V. The E. M. P. generated is. then due to the variation 
of horizontal lines cutting the coil, vertical lines linked with. 


the coil remaining constant in number. 

In any position let the plane ^ 
of . the .coil .make,, an .angle ® 
with, the,., horizontal component 
H. Flux linked with the coil 
is .then given by * 

N “fl AH sin ,®... 

(where n" no. of turns .. 

and A — area of the coil.) , . , 

•' If the coil rotates through 
a small angle in a short 
time dt,' an’ instantaneous but - . 



short-lived current t is genera- 257 ... ... 

ted. A current flowing for a short time means that a small 
qnantity of. .charge dQ flows through ’ the coil. -Since 

we have dQ^’idt—- dt, where E is the E. M. F.. 

generated and R is the resistance of the coil. 


But Edt “ -r- dt “dN “n AH cos d d5 ' 

at 

• a ' dQ^V.^ cos O-dO ■ ' 

• Let the coil be first placed perpendicular to horizontal 
lines of force. From this position let the, coil be rotated 
very quickly through ISO*. The . total charge that flows 
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2 nAH 
R 


throngL the coil by this process is given by 
+»/2 ■ ' • • : «' + 7 r /2 

r nAH „ nAHf . ' 

Q— / . ■ cos dd $^. — ^ SID P j . «= 

~ir/2 

If there be a ballistic ‘ galvaDometer iir series ‘with the : 
coil the gaivahometer" shows a 'deflection' § 1 . - Since the 
charge flowing through a' ballistic galvanometer- is propor- 
tional to the deflection : . r r' ; 


2nAg 




(«) 


Next let us suppose that' the coil rotates with 'its axis ' 
horizontal and directed north and south. ' The'horlzohtal lines 
linked with 'the coil now remain constant in number and the 
E. M. F. generated is due to the variation of the veriical lines 
offeree. 

The coil Is first placed with its plane in the horizontai 
position (t. «. perpendicular to the vertical lines 'of force). 
From , this position it is rotated very quickly through 180'. 
Proceeding in the same way as before, we have 

2nAV 


B 






where is the deflection now produced in the, ballistic 
galvanometer, • ' 

Dividing (^) by — • But we have 'seen in Art 11 

H <pi 

V ■ ' '■ ■■ • ■ 

that ^=- ’■tan 6, where fi is the dip. at the place. 


Hence 


T tan jS 




Thus the dip S at any place may be ' measured. The. coil 
•rotating in Barth’s\ field is known as Earth Inductor, 

If the various fonstants involved in equations (a) and W) 

be known- actuaP'values of H and V and hence the resultant 
intensity inay also be obtained by Earth Inductor* 
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Exercise XVIII 

1. Explain the apparent inoreaBe in resistanoe of a wire 
with the fregnenoy for a rapidly alternating current. 

2. Write short notes on (o) choke coil (6) wattleBB current 

(c) impedance triangle (d) power factor. , 

5. An alternating E.M.F. of 40 volts at 800 cycles per sec. 
is applied to a solenoid of 600 turns, radius 5 cms, length 26 

oms and of 20 ohms resistance. Find the cnrrent and also the 

# ^ - 

power oonsnmed. Ans. 1'63 amp ; 4’47 watts. 

4. An alternating pressure of 100 volts (virtual) is applied 
to a circuit of resistance 0*5 ohm and self-inductance 0‘01 
henry, the frequency being 50 cycles per sec. What will be the 
reading of an ammeter included in the circuit ? Ans. 81' 44 amp. 

6. An alternating E-M.F. of 250 yolts, 100 cycles is applied 

■to a non-inductive resistance of 25 ohms. Find the inductance of 
the choke coil which when inserted in the circuit reduces the 
current to half its value. Ans. 0'069 Henry 

6. A circuit contains a non-inductive resistance of 20 ohms 

and a choke coil. When an alternating E M-F. of 25 cycles is 
applied to the circuit it is found that the power factor is i. 
Find the inductance of the choke. Ans. 0'22 Henry 

7. A solenoid of diameter 10 cms and length 20 oms consists 
of two layers of wire of 1000, turns each. The wire has a 
resistance of O'l ohm per metre. Oaloulato .its inductance. If 
an E.M.F. of frequency 60 cycles per sec. be applied to it ,6nd 
(a) reactance (6) impedance (c) power factor of the circuit How 
will these quantities be affected if an iron core 1000) is 
inserted within the solenoid 7 .. 

Ans. 0'197H ; 62'0l ohms ; 88’28 ohms ; 0*71 ; 

197H ; 62030 ohms ; 62030 ohms ; zero. 

8. A 40 wait 100 volt electric bnib is to run by A.O. supply 
of 200 volts snd frequency 50 o/s. Oaloulate the capacity of the 
condenser which must bs used in series with the bulb. 

'Ans. TSS'fiF 
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9. A 5 wabt 50 volt eleofcrio bnib Is to be run by the town 
snpply of 220 volts, 60 oyoles. Explain how this can bo done 
with the help of a condenser. Find the oapaoitanoo of the con- 
denser and the reactance of theoironit. Ans.r49/ifd; 2142 ohms. 

10. A 50 watt 200 volt bnlb is in series with a condenser 
of 2/rF capacity. If the bnlb be lighted np by an alternating 
supply of 50 cycles freilnency, find the snpply voltage. 

Ana. 445‘2 volts. 

, II. An alternating supply of 200 volts and 60 oyoles is need 
to light up a 20 volt bulb. If the condenser need in senes bo 
of capacity 4/xF find the resistanoe'of the bnlb and hence the 
power absorbed by the bnlb, Ans, 79*97 ohms ; 5 watts 

12. A 100 cycle alternating E. M. F. is applied to a circuit 
containing a resistance 16 ohms, an indnotanoe 0'025 henry and 
a capacity 230 microfarads. Find the impedance of the circnit, 
Does the current lag or lead and by what angle ? 

Ans. 17‘67 ohms ; Angle of lag 31*55' 

13. What is meant by the resonance of an electric circuit ? 

‘ A circuit has a resistance of 50 ohms, 'an indnotanoe of 0’25 

henry and a capacity of 100 mio^farads. For what freqnoncv 
of the applied' alternating E. M. F. the circuit behaves as a 

non-inductive resistance ? Ans. cycles. 

* •" > 1 TT ► 

14. An alternating snpply of 20C volts and 60 cycles Is 
used to send a current through a oironit containing a capacity 
of 5 mfd and a'rion-induotive resistance of 50 ohms. If a ofaoke 
coil be now inserted in the oironit it is found that the current 
is increased. Explain this and find the inductance of the choke 

ooil when the current in the circuit is maximum. 

-- , Ans. 6'37 henry 

15. In an eleotrio oircuitl Che indnotanoe is 10 wH, 
resistance is 100 ohms. If the angular velocity of the* rotating 
vector be 1000 radians per sec caloulate the capacity of the 
oondenser whioh when Inserted in the circuit makes the circuit 
non-induotivej 
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16. A oironit codbibIs of an isdnotaiice, a resiitanoe of 100 
ohms and a condenssr of capacity 10 /jF. If an A. G. supply of 
P20 volts 50 c/s be connected to the circuit the current is found 
to be in phase vritb tho H. M- F. Find (l) the inductance (2) 
the current (3) the voltage across the inductance (4) the voltage 
across the resistance and (5) the voltage across the condenser. 
What will be the phase angle if the oapaoity'bo doubled ? 

Ans. 1*013 H; 2*2 snap; 700*1 volt; 220 volts ;-700'I 
volt : angle of lag 57” 52'. 

C U, Qaestjon 

1963. A resistance of 10 ohnaa is in series with an induo- 
tanoe of 0 1 henry. If a P. D. of 100 V (R. M. S ) at 60 oyoles 
is applied, caloulate the eSeotive current. Ans. 3’03 amps. 

1964. An alternating E. M. F. E^Eoslntnl Is applied 
to the ends of a series circuit consisting of resistance E, an in- 
ductance L and a capacitance G. Find the current through 
the oironit at any instant. Explain what is meant by the im- 
pedance of the circuit' and establish the condition for which 
resonance occurs- 

1965. A series circuit consisting of 0‘01 henry inductance 
and 10 ohms resistance is connected across an alternating E. 
M- F. of 100 V (R. M. S.) at 60 c/s. Find (») ^R. M. 8. current 
through the circuit and (i») the voltage across the induotanoe. 

Ans. 9*54 amps ; 29*96 volts. 

1966. Write notes on “Earth Inductor.” 

1967. Obtain a relation between the enrrent and the 
voltage in an alternating ourrent oironit containing an induo- 
tanec and a resistance in series. 

Calonlate the inductance of a choke coil to be introduced in 
an A. C. oironit to light a 10 watt 20 volt bulb on 200 volts 50 
c. p. B. mains. Ans. 1*067 H, 

1968. What is meant by the term electrical impedance ? Find 
the electrical impedance due to an induction of 1 henry at 50 c p.s. 

Derive an expression for the impedance of a self-inductance L, 
a capacitance C and a resistance R in senes when fed by a sinusoidal 
E.M.F. 
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‘ 1969 (a) Obiam expressions for the mean value and thcR.M.S. 

r'aluc of a sinusoidal current. 

(b) Obtain an expression for the average power of an A.C. 
circuit. Calculate the pwwer factor of a 50 cycles'sec A.C. circuit 
in which an inductance of O.I henry and a 20 ohm. resistance are 
connected in series. 

1969. Write notes on “Parallel resonance m A.C ’’ 

1970 (i) Explain the terms impedance and reactance of an A.C. 
circuit, 

(2) Write notes on “series resonance in A C.” 

1973. Define mean value and root mean square value of an 
alternating potential. Obtain expressions for the same in the 
case of simple harmonic potential. Explain how the potential 
difference across a resistance and an inductance connected in 
series may he represented by a vector diacram. , 

(974. Explain the following terms: Resistance, Impedance 
and Pov/er factor as applied to an A.C. circuit, 

. ^ t 

A 40 watt lamp works on 120 volts. What should be the 
value of the inductance of a coil of negligible resistance which 
when connected in scries with the lamp, would make it burn at 
the rated voltage when connected across 230 volts 50 cycles 
A.C. mains? 

1975. What do you mean by the r.m.s, value of an alternat- 
ing electromotive force? ' ' 

An alternating sinusoidal c.m.f. of 100 volts r.m.s. value and 
frequency 200 cycles per sec is applied to a circuit containing 
an inductance of 1.0 henry and a resistance of 1000 ohms in 
scries Calculate the peak values of the current in the circuit 
and potential drop across the inductance. 




CHAPTER XIX 


TIKITS AKD DIMENSIONS 


In Physics whenever we take a reading we rcalJy 
eaeasnre one or more of the three things — ^length, mass and 
time. Dimensions of physical quantities can 
Art 180 therefore be Tcdnced fo these three funda* 
mentals,— Dength, Mass and Time. Thns 
since a velocity represents a distance divided by time its 

* dimension is LT ^ ; an acceleration is velocity divided by 

—2 

time and is therefore of dimension LT ; and so 'on. "We 
give below dimensions of a number' of physical quantities 
obtained in this simple way. ' ' 

N. B. It ehonld be cleirly understood that whenever we spesk of 
the dimension we do not tsy anything about the actual value. 


Angle= 


Arc 

Radius 



1 


Angular velocity 


Angle ^ 
Time 


Angular acceleration** 


Angular velocity 
Time 


T-* 


Area •» Length x Length «= L* 


Volume “Length x Length x Length “L* 


Density 


Mass 

Volume 


ML"* 


XT 1 Distance 

Velocity “ — vr •• LT ^ 

Time 

Acceleration”— ^" — — — LT~* 

Time 

Force Mass x acceleration “MLT”* 
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Energy •= Work done - force x distance ■= 
Energy 


Power 




Time 

Pressure Force per unit area 
' ' ’ ' Force' '' s-'- 

' . Stirface tension “ Force. per unit.length i , 

-Force- , ■'•/i 

: ""t nrrMT"* , 

' ' •• Length'- 

■ In any equation dimensions . of .quantities 
, ’ Art 181 involved on both . sides of the equation, must 
, be the .samcz Hence the dimensioh ^of any 
unknown quantity may sometimes be determined. / . 

Thus, Young's Modulus is given by ' “ 

.y- Wg'L ., 

TtH 

Writing [ Y ] for the dimension of T, we have 


Y - 


MLT~*L 


=>ML-‘T-* 


Similarly, for Bulk Modulus. 


/ 


, dp', vdp 

, dtj dv 


ll- 


i. e. so far as dimension is concerned, 
Volume X Pressure 


Bulk Modulus — 


Volume.. 


fc J-ML"fT."'.. 


<t^=cbange in presanre ; its dimension js the same as that of pressure. 
(it<=change in volume ; its 'dimension is the same aa that of volume. 

For Rigidity, , ^ ;n- where T is the tangential force per 
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tinit area and ® is the angle of shear ; the dimension of T is 
therefore the same as that of pressure and the dimension of 9 
is unity. Hence 

n 

It is to be noticed that all the three quantities, Yonng’s modnlns, 
Bulk modulus and Rigidity have got the same dimension, as it must 
necessarily be ; for, each of them is the ratio of stress to strain *nd is 
therefore fundamentally the same. 

For Viscosity F *= 17 ^ 

■* dr 

Here F is force per unit area ; its dimension is therefore 
; dv is small -velocity and dr is small length. 

Hence ML'*T-’“ J? Jt'' - 

\Ve shall now determine the dimensions of 

Art 182 various electric and magnetic quantities. Here 
we can start with either of the two fundamental 

equations, viz., 

( 1 ) Force between two electric charges 

[Vide Art 23 3 

or ( 2 ) Force between two magnetic poles- 


„ nunjt 

F “ 

/xr* 


[ Vide Art 2 ] 


The former is known as the electrostatic system (E, S- 
systero) and the latter as electromagnetic system (E. M. 
system). 


Art 183 

Charge 


Electrostatic System - - ' 

The fundamental equation is F«=R-9*. 

hr 


Unfortunately, in this equation the dimension 
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ofi fc iS: not known ; to us, aud cannot be determined. .We 
therefore writc.the dimensional equation as ... ■ 

JQ]* 


MLT- 




Electric Intensity ; 


or ' [Q]»»feML=T-» ' ' 

, , 

•• ■ >h l.r, Q- r, 1,: < <-r, ; . 

Intensity : .• . , ■ . . • ■ 


(A current is the rate of flow of charge. , , 

■■■-.' Time,. 

Potential Work done' ID carrying a charge Q between 

difference two points at a potential difference V is QV. 
s. a. Work done "QV 


Current 
E. M. F. 




Capacity We know Q - CV, ; , 

rm t-fiJ rr ■ •- 

or [ 0 ]■•>« i"“ - a - ^ iL-* . 

'Thus, ignoring k the' dimension of a capacity is length ; 

a capacity is therefore sometimes measured in centimeters. 

’ c "" '■ ) /]■ J i'*'. : i \ '-g - 

Resistance From, Obm^srLaw, resistance?r gjjjjgnt ' 

' • 'i 

r-l ifc*'^MVT-^, 1 

.•. c R ]- — — r— r- • L - T- 




kl,T-^ 


Ignoring the dimension’ of a "’resistance is the inverse of 
■ that of a vdocity. • : 
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Magnetic 

Intensity 


From I,ap!ace’s Law, H“ 


idt cos ® 


Thit ts the connecting hnh between electric and magnetic 
guanMtes. 

ds IS a length ( it* dlaeinsion is therefore L, cos 6 has got no 
dimensioD. 


Hence 

Magnetic pole 


Magnetic 

moment 


Inductance 


[ H T-* 

Force on a pole* m placed in a magnetic 
field of strength H is tnH 
», e. Force “fljH ^ 

MLT-*»[m]. [H] 

[m]~ 

^ »■ 

Magnetic moment M 

"pole strength x distance^ between poles * 
or [M]-[mlxL-fe L® 


I 

We know E. M. F. - L 


dt 


Dimensionally speaking, E.M.F." Inductance x 

. ^ , E. M. f;x Time ^ ^ ^ 

• * ^ ^ ^ ^ esistance x Time 


Current 

Time 


ALT-* 

Ignoring h, the dimension of inductance is the inverse of 
that of an acceleration. 


Art 184 
Pole 


Electromagnetic system. 


miwt 


Force between two poles • F ♦ 

(XT* 


As in the case of electrostatic system here also the 
dimension of fi is unknown end unknowable. 



398 


or fjn3*-;xML'^T ^ 


• 


Magnetic 

fnoment 

Magnetic tnoment M»poIc strength 
distance between poles. 

• • 

[M3 •» fni3 >: L «= T ~ * 

Magnetic 

intensity 

Intensity H--— 

[H] = 


^L* 'Ma ^ 

Current 

From Laplace’s Law. g; — *_ * cos 6 

r* ■ 


T 

•• W-fHjxL^p'^M'L^X"^ 

Charge 

’ Wc know current « 


Time 

■■ CQJ^Wxt-a^'Ml^ 


InSty ^ ® Q placed in an electric 

field of strength F is QF. 

t.e. Force -QF or MLT“^-.rQ]. [pj. 

• rm- WLT~^ 4 i ^ -9 

pS«1i carrying a charge Q betv^etn 

difference points at a difference of potentfei V QW 

*. e, worfc done—QV 

,r-r2„-2 
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Capacity 


[C]- 


We know Q-CV 

or {Q3-[C3].[vr 






Ignoring (i, the dimension of a capacity is the inverse of 
that of an acceleration. 


E M.F. 
Current 


Resistance From Ohm’s Law, resistance - 7 ;; — '—i 

Current 

[R]— 

Ignoring the dimension of a resistance is the same as 
that of a velocity. Resistance is therefore sometimes measured 
in centimeters per second. 


inductance 


We know 


Dimensionally speaking, E. M. F. "• inductance 

, Jjme^, 

, -tt E.M. F. xTime . ^ 

. . [Ll - — jz ;; =resistance ^ Time ” /xL 

Current ,> 

Ignoring fi, the dimension of an inductance is length ; 
inductance is therefore sometimes mearnred in centimeters, 

> I i * 

Art 185 ^ One important 'point-; emerges out from the 

previous discussion. -The dimension of a -phTsical quantity 
is a fundamental property of the quantity itself ; obviously it 
cannot be different in different systems. That the dimensions 
are apparently different in .Electrostatic and Electromagnetic 
systems, is due to the fact that the dimensions of k and 
arc unknown to us. If we could express the dimensions 
of k and ft in terms of M, L and T the dimensions of the 
vanons quantities V 7 onId have been ^the same in both the 
systems. 

Obviously, we can equate the dimension of any of the 
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physical ^antities in E. S. system with that in E. M. system 
and thereby we can get an equation connecting (x and k. If 
we do this for each of the physical quantities we can get as 
many equations invoking fi and k. It may be supposed that 
from any two s of these equations, we may solve for the 
dimensions of // and k separately. Unfortunately this is not 
possible. For, • whatever quantity '’we ehoose, .the equation 
connecting fx and 4 always comes out to b€ the' same. For 
example, equating the dimensions of capacity in E. S. and 
E. M. systems, w'e have ' ' ' 

* — “r 

or — IL-LT"" 

J itk 

The dimension of — is therefore that of a velocity. 

Instead of a capacity if we conside any other quantity, the 
result is always the same ; we can never get a second equation 
connecting (i and k. The individual dimensions of^ yi and k 
therefore remain unknown to us. 


Art 186 lotJg we have not discussed anything 

about the units of various physical quantities. 
The length of a rod ’l2‘ ft long, is represented by 12 if the 
unit of length Ls a foot, by 4 if the unit be an yard and by 
j4i if an inchTje the unit. Clearly in’ expressing electric and 
magnetic quantities, proper attention mu^t similarly he paid 
to the exact definitions of the units of the quantities involved. 
Here again tw’o systems of definitions are possible. In Ait 
23, we have defined a unit charge thus J 

If two, charges of equal strength are placed In air at a 
distance of one cm apart and' if^the^force between them is one 
dyne, then each of the two charges is said to be a unit charge. 
Clearly, this definition is based on the fundamental elec- 
trostatic equation Starting with this definition 
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1 unit charge, units alt 'other electric and magnetic 
ntities can be gradually defined. These units are known 
ilectrostatic units. In a similar way, based on the fnnda* 

'TllTTlC » t- * 

ital magnetic equation F— — -j-, definition of a unit pole 

f^t 

^ be derived {Art 2). This may also be the ’startifig point 
he definitions of units of every other electric and magnetic 
intity. These units are called Electromagnetic units, 
ns any electric or magnetic quantity' can be represented by 
j different numbers according as the unit* chosen- is ‘ 
ectrostatie or Blectromagnetic 


If Ce and Cm he the mtavurn of the capacity of a given 
ndenser in Electrostatic and Electromagnetic system, the 
mplete expressions for the capacity^in the 'two systems, 'are 


and Cm Since they represent the Same 


ondenser, we must have 


or 


Ctf 




or 




•Jltk 


1 ' 


Thus of dimension ' LX~^ and its 


If 

V tn 


We 


write V for we have 




per sec. 


value is 

•“ tJ cnis 


Art 187 The value of this ve'locity v can be found out 
by determining Ce and C,,. To determine Cc a guard ring air 

h should be ctearty nndersiood that both Etectroslalic and Elec- 
tromagnetic -utiitB are C. G. S. units, so that one is called C g'sT 
cleclroBlatic unit and the other C. G. S. ElectromagoeUc nnli. ' 



• 4 ( 



1 Resistance; 
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In a similar way the ratio of units in the two svstcnjs 
for other physical quantities can be obtained. This ratio 
is given in column 4 in the Tables given on previous pages. 

Besides Electromagnetic and Electrostatic 
Art 189 nnits there is another set of units known as 
practical units. These practical units ere 
directly related to Electromagnetic units. Thus 
One ohfn (practical unit of resistance) 

. ” 10 C. G. S. Electromagnetic units of resistance. 

One Ampere (Practical unit of current) 

=10 ^C. G. S. Electromagnetic unit of currenT; : and 

so on. 

The names of these practical ufaits are given in column 
5 of the table : their relations with Electromagnetic units are 
given in column 6 of the same table. The ratio of pr-sctical 
unit to E. S. unit may be readily obtained from columns 4 

and 6. Thus in the case of E. M, F. .. v“**=* 

E.S. unit 

E. M.F. is equal to 300 

volts ; and so on. 


, Exercise XIX 

1. Expreea the dimenBiona of Elcclrlo charge, potontial 
difforenoe and magnetic pole in Electrostatic as well as In 
Elootromagnotic ayitems. 

The chargo of an electron IB 4’80>'- 10"’’ E.S. nuit- What 
i« its value in E. M. unit ? Ans. I'dOy 10 "*^ B. M- unit 

2. How 18 it that the diroension of a physios! qctntity is 
different in E. M. and E 8. ByEtetns ? V/hat importect 
coDolnaion can be arrived at by egnating the dimensione of a 
quantity in the two ayetems ? Illustrate your answer b> 
expressing tbo dimensions of capacity in both E. M. and E- S. 
eyakems, 

3. Describe how a capaorty can be roeainred both in h. S. 
and in E. M. onita. Wbat it the ratio of these two meainree ? 
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4. Dewribe briefly what led i-: Maxwell to derelop the 
Eleetromagnetio Theory of light 

6. Assuming that the Earth is a negatirely charged sphere 
of radius 6'37 x 10* cma. placed in spaoe, find the density of 
charge per square meter of its aurfaoe on a day when the fall of 
potential in the air around it fi 800 volts per meter. C. U. 1936. 

Ans. 7'9fa' E. S. "unit 
6. lu a guard-ring air condenser, the plate is of diameter 
50 cmt' and the distance between the plates 0’2 cm.': -Calculate 
the capacity in micro farads. Ant. 8’68 x 10“* mioro-farads. 

■ 7. If the wort done in earning a charge of 30 E. 8.' units 
between two points be 10 ergs, find the potshtiardifl^nce in 
volts between the two points. - Ans. 100 Volti. 

8. If the Burfaoe deriaity 6f *a charged conductor be 25 
coulombs ; per unit area, find the intensity at a point near the 
conductor. Ans. 94'25 x 10“^® dynes per E. S.-nnit of charge, 

9. . The plates of a parallel plate'condensef "are at a potential 
diflerence of 60 volts. If the distance between the plates be 
-1 m.m.'find the intensity at points between the plates. 

Ans. 1*67 dynes per E- S. unit of charge. 

10, A potential of 100 volts is applied between the; two 
plates of a parallel plate condenser. If the pistes bo of dismeter 
10 ems and are separated by a distance of 5 mm, calculate the 
force of attraction between the plates, • r . . A.ns. 1*39 dynes. 



; '' ''chapter. XX'” • ‘ ’ 

;SLiaCTRONS AND^-ATOMIC STBUCTUEEp., 

' > "-Electrons'''^ 'T<. / 

V if'} ' r f'"' - .. • j’-vr-. -,i 7 ‘) -^-7 ■ , 

;.-r, AS' early .as the 3;ear„ 1879, , Sir-- \7iIHam. Cropjces carried 
^ out -a remarkable series of experiments on the electric 

^''* ’'ArM90 ^.cylindri. 

•r CathWc Rays 'S'S^X 

.% ' ''),p;respre .is provided-, rjWith , two;, ^pjatipum 

electrodes at^ the two,ends.„.,The,twp^ terminals of .apinduction 
.Coil, -are;?, connected ..to fthese electT-pdes , and,. tbe^ following 
TemaTkablc.seTies of phenomena ar,e., observed , as -the ,air is 
f, gradually. pumped, out of the^cylindrical ,vessel. t' /, 

,'c"' ■- ’When the press- 


•0) 


• t tL 




A. 




.'ure is~ '’-nearly 
atmospheric ' the 
r ‘resistance' is- enbr- 


r*- ‘ .• ' Pig,-26t.jD’ 

mous and ,1 sparking- 'Tefuses-'cto take.' place. betweenAhe 
electrodes.' n H . 

r..,’ (2) s At about 40'''.';'- ' ' ‘ 

‘;inra.’'pressure -irfe-'-i'* '1 
'gulai'«-''5‘’'streamersi rr.f' 

• begin -40 .£ ‘Appear 






'* It*' i* "r '*■'* 

These may be compared to lightning flashes seen across the 
sky during thunderstorms. 


( 2 ) 




When the 
pressure is 
lowered to about 
10 mm sparking 


Pig. 2b3 

becomes steady and regular. A column of beautiful pink 
colour — known as positive column — extends right up to the 
anode. But near the cathode there is a short dark region 
separating the positive column from the cathode. This dark 





space was discovered by Faraday about the year 1838 and is 
now known as Faraday dark space. On the cathode itself 
there appears a small luminous blue spot. 

(4) Gradual 
reduction of “• 
pressure causes the 
positive column to 

thicken more and more, until at 2 to 4 mm pressure it fills 
the whole cross section of the tube. Faraday dark space 
becomes larger in length and the blue spot of light en the 
cathode increases in extent, producing a beautiful velvety 
glow. This is known as cathode glow.- 

' J 1 , ) 

^ , At about 1 mm. 


® — =OIIl^ 


— pressure the posi- 
tive column breaks 
up into peculiar 

striae which are alternate bright and dark bands and art 
arranged at regular distances in the neighbourhood of the 
anode. At this stage the cathode glow just separates from the 
Cathode and another dark space — now known as Crookes’ 
dark space — appears between the cathode and the cathode 
glow. 


(9) At about ^ ^ 

0'5 mm pressure l| I | | Hq: 

Crookes' dark space ^ 

increase.*: in si 2 e> 266 

cathode glow is pushcj towards the anode, the positive 
column diminishes in size, 'riations are now fewer in number 
and are more widely separated. 


(7) 


I! 9? 


At O’l mm press 
— ure, Crookes’ dark 
space increases 
very mucli in size, 

the cathode glow is pushed almost to the anode and the 
positive column vanishes almost completely. 



410 


(8) At pressures 
0‘02 Him and below 

I 

the cathode glow 
also disappears and Fig, 268 

the tube is filled entirely by Crookes’ dark space so that there 
is no trace of light within the tube- But the glass walls of 
thc^ tabe — especially, the portion opposite the cathode- 
are now luminous with a greenish glow. 

Sir William Crookea was aware that this greenish' glow was due to 
the impact of a kind of rays from the cathode on the walls of the vessel. 
Although he could not definitely establish the nature of these cathode 
rays he was fully conscious of the great importance of this pheno- 
menon. He was of opinion that these cathode rays were a material 
radiation and he spoke of them as matter in the fourth* state 



Properties of cathode rays were thoroughly 
Art 191 studied by numerous. workers, Sir William 
Properties Crookes, Sir J. J. Thomson, Lenard, Perrin 
and others. .The properties are mainly as 

•* , , r \ V*--/ r»f* . 

follows 1— ’ . ' , ' , . 

• . (2) . Cathode rave travel in itraighi Unet. „ ^ . 


If inside the discharge tube a mica cross be fixed in the 
path of the cathode rays a sharply defined shadow is produced 



Fig. 2€9j, “ ' 

on the walls of the tube. .The sharpness of the shadow 
establishes the rectilinear propagation of the rays^ 

• Dcually we have matterin three alalee,— solid, liquid »ud gaseous. 
Since cathode rays appeared to be rarer than a gas Crookes called them 
natter in the fourth state. 
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(S) Oatkode ravt ttarl cut of the' eafhcde' in a direction 
perpendicular to the lur/ace of the cathode. 

If the cathode be made concave in shape the rays follow 
the radial paths and are concentrated at the centre. 

(3) Cathode rayt generate heal. 

A piece of^Iatinutn placed at the centre of carvatnre of a 
concave cathode is heated to redness when the cathode rays 
are incident on it. • _ , 

(4) Cathode rays possess inertia. 

If a light wheel with mica vanes be snitably placed with 
its axis on two horizontal rails the wheel is set into rotation> 



■ ' ' ■ Fig. 270 

if only one half of the wheel is situated within the path of 
the cathode rays'. ' " , 

(fi) Cathode rays produce phosphorescent light,' ' ' 

_ If the vanes of the mica wheel (in the previous exjperi- 
ment} be set with suiUbly chos« substances beautifully 
coloured phosphorescent light may be seen as the wheel 
rotates. ■ . ' ■ • ‘ 

(0 Cathode rays nutuaily. repel one another.' c 

In Fig 271 Cl and- C» -are both cathodes which , can be 
jointly or separately cdnhccled to the "induction coil. A is 
When Ci' alone is the cathode cathode rays 
follow the path OiBs. When C» alone, is the, cathode the 
rays move along CiBj. But when both Ci and Ca are 
simultaneously connected to the induction coil cathode rays 
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follow the paths OiBi and CiBj proving thereby, that they 
mutually repel one another. 



+ 


(?) Cathode rayt are defitcitd by a magnetic field. 

If in experimetit (i) one pole a magnet be' brought near 
the discharge / tuhe the shadow of the . mica cross is 
appreciably displaced, proving.' thereby that the cathode rays 
are deviated tiy the magnet. 

(8) Cathode ray t are deflected by ah electric field. 

If the path of rays lies betvveen two plates kept at 
a difference of, potential the rays are found’ to be deflected 
from the rectilinear path. This was first observed by Sri J. J. 
Thomson in 1895. • ' 

(g) Cathode rays can pan through thin metal foilt. . ■ ; 

la a discharge tube a portion of the glass is replaced by a 
thin aluminium foil 0 001 mm. thick and free from holes. 
When the cathode rays are incident on this foil they pass 
fight out of the apparatus. This was first observed by Lcnard, 
For this reason the fays wliich conie out of the apparatus arc 
known as Lenard rays, , . . 

(10) Cathode rays carry negative charge. 

This was first definitely established by Pefrih in -1895 
by allowing the rays to falpinto a Faraday, cage*. An clectro- 

A Faraday cage conaiats of -two laetaUlc Tcisels one vrilhln the 
other but Insulated from each other. The outer vessei is connected to 
liarll. and the inner to on electrometer. The outer vessel has a small 
window for the rays toenter. ' 
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meter connected to the inner Teasel of the cage, indicated that 
negative charge was coming to the cage. 



Wjr. 272 

Art 192 Towards the end of the nineteenth century 

Nature of as the properties of cathode rays were being 
Cathode ray» investigated, n heated controversy raged 
throughout the scientific world regarding the nature of tnese 
cathode rays. Hitherto, al! known phenomena in ccrnnection 
with Electricity and Magnetism were fully explained by^tae 
wellbnown Electrodynamic laws definitely established by this 
time. Interference, diffraction, polarisation and other 
properties of Light were aiso satisfactorily explained by the 
wave theory of light. The whole book of science seemed to 
be absolutely closed -ind nothing , more — it was believed — 
could be got out of it. But these cathode rays — a small speck 
of cloud in an otherwise clear sky~werc the starting point of 
ft series of crucial experiments which completely upset all 
previous ideas about matter and energy. About this time Sir 
Oliver Lodge made the prophetic remark that the scientific 
horizon was practically clear excepting that a small patch of 
dark clond bad appeared in the sky. He prophesied that this 
cloud might grow bigger and bigger nnlil it might fill np the 
whole of the sky. 

We now know that this remark came to be very very true. 
The scientific horizon was completely overcast with clouds, 
so much so that until very recent times there was apparently 
no sign of the sky being cleared up. Even a simple question 
such as "What is Light" baffled solution for a long time and 
even now no very clear picture can he given to its answer. 

During the latter part of the nineteenth century Light 
was believed to be definitely a wave in ether. It was therefore 
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natural for many of the physicists to explain these cathode 
rays also as a wave, although— they argued — it might be a 
new kind of wave. There was however another school of 
physicists who held that cathode rays were streams of 
particles — possibly charged particles. The properties of 
cathode rays — as they were discorvered and studied — were 
applied to provide a crucial test between the two rival 
theories. The rectilinear propogation of cathode rays could 
be explained on either of the two theories and was therefore 
no such crucial property. The fact that cathode rays possess 
inertia, hardly requires an explanation if the rnyg were 
supposed to be streams of moving particles ; but this property 
did not also disprove the wave theory ; for by this time it was 
definitely known that Light — a wave in ether— exerts p’^cssurc 
and therefore possesses inertia. Deflection of cathode rays 
by electric and magnetic fields was advanced by the supporters 
of the particle theory as the decisive test. According to them 
the rays consisted of charged particles and could therefore be 
easily deflected by an' electric field. The motion of tbe.se 

/ r ^ 

charged particles constituted an electric current* and hence 
they were also acted on by a magnetic field. The direction of 
deflection in cither case showed that the charge on the cathode 
ray particles was negative. But by this time Kerr effect and 
Zeeman effect had been discovered. Intimate relation between 
Light and Electricity & Magnetism was long ago suspected 
by Faraday, Maxwell and others. Kerr effect and Zeeman 
effect proved the correctness of this point of view. Physicists 
who held that cathode rays were by nature waves, argued 
that just as ordinary Light was acted on by' electric ond 
magnetic fields as demonstrated by Kerr effect and Zeeman 
effect, cathode rays were also affected by these fields although 
the effect being different it might be that cathode rays Were 
a new kind of wave, 

* It should be remembered that on electric field ocU on a cborged 
particle ; whereas a magnetic field prodnees Its effect on e current 
but has no action on a charge at rest. 
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AH specalationB \7crc however set at rest when Pcnin 
definitely proved that cathode rays carried negative charge. 
A wave however peculiar it might be in nature can never be 
imagined to carry charge. The fact that negative charge was 
associated with cathode,rnys definitely established the nature 
of these rays. They must be streamt of negativelv charged 
particles. These particles were called eleeiront. 

Art 193 , : Determination of — and v 

' ' . . m 

' * ^ , 

Soon afterwards attempts were naturally made to determine 
the charge «, mass m and velocity v of these electrons. The 
electric and magnetic deflections provided methods for 

measuring the specific charge — and the velocity v. We 

m, 

consider the electric deflection first. 


Electric 

deflection 


A beam of cathode ray.s made narrow by 
two parallel slits Si and Ss is made to pass 
through two parallel plates 
between which an electric 
field can be established. At 
first when the electric field 
is not applied the rays are 
incident on a photographic 
plate at A ; when the 
electric field is switched on the rays are deflected and are 
incident at B. 



A 

A 

? 

B 


If X be the strength of the electric field Xe is the force 
with which an electron — when it enters the electric field 

is attracted towards the positive plate. — is therefore the 

m 

acceleration produced in a direction perpendicular to the 
original path of the electrons.- If h be the length of the 

electric field — is the lime which the electron takes to move 

■ 1 

across the field ; in this time the velocity generated at 
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right angles to its path is 


X« h 


Thus the electron — just 



when it leaves the electric field — 
has two velocities, t> in the original 

direction and at right angles 

, -i ( . w V 

todt. Hence if 0 be the angle of 
deviation .of the electrons, 

Xeh 


tan 6 


n n / 


me 


(o) 


Also, if Si be the deflection AB on the photographic plate 
and . Di the distance of .the plate from the centre of the 
electric field we have 


tan 0 "• 

J-Zl 


[ Vide Fig. 273 ] 


Hence 


Xth 


8i 

mo* Di 
e Si 


(65) 


•• mo* XliDi 

' ■■ > 

where a is a measurable constant for the 

the given apparatus. 

We now come to the deflection by the 

Magnetic magnetic field. As before let the beam of 
' deflection , . , ... c 

electrons narrowed by the parallel slits Si 

and S> enter the magnetic field of strength H. An electronic 



Fig. 275 > 

charge a moving with a velocity v is equivalent to a current <o. 
The force on this current by the magnetic field is Heo and the 

acceleration produced is — . The deflection of a current is 

m 
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perpendicular to both the current and the .magnetic field. 
Hence if the magnetic field be at right angles to the plcne of 
the paper, the deflection ofthe'electron is in the paper. The 
electronic charge *a’ being negative the current ev is negative ; 
it is therefore equivalent* to a positive current in the opposite 
direction. If the magnetic field be directed from above 
towards the paper it ^may easily, be - seen, by applying 
Fleming's Left Hand Rule, that the force on the current is 
directed downwards, t. e. the deflection is downwards. [Vide 
Fig. 275 ]. ’ . - . , 

... .If h be the length of ';the, magnetic 

h-- . . ■ ; - • • 

field' — is the time in which the electron 

c,, , ... 

crosses the field. Hence when it passes 
Out of the field' the velocity-''generated at 
right angles to its path is 

Hev Helt ' hv' . * .* 

m ' V m' . ' 

Hence if be the deviation, ;; ' Fig.' 276 



tanf- — ;(6) 

■.m l ' mv , . , , . , 

• AgafnMf St 'he the deflebtion' on the photbgralihic plate 
and Dj ‘ the distance of the plate ' fr om the centre of ' ' the' 
ma'gnetic field, ss ,!'r » - :■ 


. 

Si 




-tan''^”-|^ [ Vide Fig -275 ]•' = ■ ' •*' ' ■ - -' 

; . Dt , . , , ■ 


Hence 


.Heft-.-: St 


mv Dt‘ 
e S», 




( 66 ) 


mv HftDi 

• wbere"^ is a constant for the given apparatus and can, be 

measured;'!:.. ■' '*'• *. .-‘r 

. Dividing (66),by,’(65). 

• Cl 
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^ns 'S IS roeasitfad and knowing v, can be determined 

froai any pi the above two equations (65)- or (66). >> ' 

"Art 194 It^^is to be noted "that the path' of the cathode 
rays is parabolic -within the electric 'ffeld- but circular within 
the - magnetic field.' For, in the case of electric deflectioh if 
we suppose that the cathode rays travel with a velocity © along 

X axis the force Xe and hence the acceleration ^ due to the 

electric field is along Y axis. The case is analogous to the 
<iase of a stone projected horizontally from the top of a tower. 
In time i ^distance traversed along X axis is given by j:— ©< ; 
whereas • the distance traversed along Y axis is given by 

Eliminating t between these two equations we 

m I > ^ ^ - 

3 ? 9m©* ' 

have — •» — This evidently represents a parabola whose 
V Xe , 


, ^ . 2m©* 

latus rectum is — — ■ , - ■ . , . . - 

In the case of the magnetic deflection howeve the direction 
of the force He© due to magnetic field is .always perpendicular 
to the path of the cathode rays. ' The case is analogous 
to, a stone rotated .with the, help of a . string ; .the force 
on 'the stone, , and hence the centripetal acceleration ’ is 
alon^ the string, *. e. perpendicular to the path of the stone. 
Exactly in a similar way as the cathode rays are deviated 
within the magnetic feld the force Ha© also changes its direc- 
tion and is always perpendicular to the path of the rays. The 
path of the cathode rays is 'therefore circular. The radius 

' m©* me 

of the circular path is given by He©“ or * 


Art 195 ■’ velocity,!© > can,; also be : measured 

Direct deter- directly. For this purpose both electric and 
mination of v magnetic fields are applied simultaneously in 
the same region but at right angles to each other say, the 
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electric field in the plane of the paper and the magnetic field 
perpendicular to the plane of the paper. -The deflecrio'n of the 



cathode rays by both «f . them is therefore, in the plane of the 
paper.. The directions and strengths of the, two fields are .now 
so adjusted that the electric deviation 0 is exactly equal, .and 
opposite to the magnetic rdeyiation 1 cathode rays in that 
case pass unieviated. ‘ We:theretore have'^'®*^?^ , 

from.,(c) and.(i).,., • 

-• Ur cv: 

'’“h' Jj V - •-■■■■ 

If the lengths Zi and h of the two fields be also equal we 
have 'finally'- ■ ■' ' r; 



• ■'7' to.ir' -.’Tbusv can.be determined^ 



.Combining this, experiment with either electric, cr. magnetic 
deflection, experiment both .and. p.can be. measured. 

' - * ^ i-. -fpi • ^ - V- - 4-1 i . • 

The charge o) an electron is 4.8 x /O' E.S.V. while the sped- ' 
ftc charge - {ejni)' is 1 ^56 % 10' ■ E:M.U. Calculate the mass of 
thi electron. - ■" - '• . - L ' ' ClU. 7972 

' Charge =i:4.8xlO'i^E.S.U;-^ .I.fix 10 -'’E-.M.U. - 
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■ A beam of cathode rays is subjected ^ to an electric field of 300 
ypltsjcm at right angles to.ihe direction. of. the. incident beam. It 
is also subjected to a magnetic field of 300 Gauss normal to the 
electric field and to the beam direction. Both the fields have the 
same special extent. If the cathode ray beam remains undeflected 
due to the continued action of the two fields, calculate the velocity 
of the cathode rays. ' , , , , (j 1973 , 

X =r 300 volts/cni=300 x 10* EiM.Uj -per-cm.'— •- ■ 

H = 300 Gauss=36d E.M.U./- " '• \ 


V = 10* crus per sec. 
j1 


Two important results came out of this- measuremeni 

of First the value of for electrons was 
Art lyo ■ m . tn 

' ' ' " founrf fo' be' approximatdy ISSO 'fimes that 

bl tile lightest atom, vi^ hydrogen' atom-' p Vide' Art 324, 

■ equation (44) ] ' ’ ■’ ' ''''''' '' ’■■■ or: 

i.e. — for electron-iaSO x-— for hydrogen 

tn ■ - ' -fa." ’ ' 0 '.l: ■' . ” ' 

If it is assumed that-;the"chargfe E on a hydrogen atom in 
electrolysis is the same as the electroriic"chBrge <,' the'mass 
fn of the electron becomes 1850 times smaller than the lightest 
known elementary mass. .'f.- f ' '' 

The second result was perhaps more conclusive. It was 

r : i:'"-- :< i.' vf'O. 

found that the value of was independent of •the''nature :Of 

the cathode, the anode or the gas'.witbin the discharge tube. 
That electrons were generated dri the discharge tube was an 

undisputed fact. Clearlyiifthese'clcctrons'were^produced from 

the ' cathode, the anode^ or-' the -gas, ^presurnably- from- the 
cathode. Bnt' if ' the same' value of'— ' for tte' electroDS he 


m 


r,' \r. c « 


obtained in every- case—whdher -the -elcctrod^^ were.made of 

copper, silver, aluminium or of any other metal and whether 
the tube contained'air, hydrogen,'; nitrogen dr any > other gas 
the conclusion became irresistible thd electrons lywe consti- 
tuent parts of the atoms of ail substances. r^Hitherto physicists 
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and chemists were of opinion that atoms were the least 
indivisible particles of all known elements. Bnt here was 
a conclusive evidence which definitely established ^for, the 
first time that atoms contained electrons. Clearly the view 
that the atoms were indivisible, could no longer be held to be 
tenable. Atoms could surely, be broken ,np , and smaller 
elementary mass could be obtained out of them. t 

Atoms ns a whole are however -.neutral. If electrons 
which are negatively charged particles are, present within 
atoms clearly there must also be egnal amount of some 
positive charge to counteract the efifcct of the negative charge. 

. --.^-The question is then, how the charges are 

ArtlPlf- distributed within an , atom. Obviously, the 
charges cannot remain at rest ; for in that 
case mutual attraction of positive and negative charges would 
bring them together and they would be destroyed in no time. 
So far the conclusion rested on iSolid ground. In the next 
stage various speculations were made which could be tested 
and accepted’ or rejected in the' 'light of subsequent 
experiments. ' ' ‘ ‘ \ • ' 

At first Sir J. J. Thomson 'put forward the hypothesis 
that positive ’ charge was ' distributed ' uniformly over the 
surface of an atom (supposed to be hollow) and electrons 
rotated within the atom. This view was soon found' to be 
Untenable.' For, according to this view two atom's cannot 
penetrate each other the ncardst approach of two atoms 
takes place when they, touch; each other,. ». e. the shortest 
distance between the two centres is the diameter of an atom. 
But it was found that a rays which are positively charged 
particles emitted by radioactive substances (Vide Art 213) 
are sometimes defiected through large angles when they pass 
through air. We may visualise that this deflection bf a rays 
is due to the repulsive action of the positive charges of* the 
neighbouring atoms. "Calculation however showed that this 
repulsive forcc-^wbich becomes greater if the distance 
between .the centres of Kpellmg particles is smaller — is not 
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sufficiently ^lafge ‘ to'dcflect thie ‘'fairly massive tt'‘particles' 
thro'ugh'gucfa large "angles, ■-•gnless 'it is"assuffiea''that’'&'ray^ 
p'entrated'intb the'atomsi'*"''^'- ^ - ; 

THe next theory 'is' ■&e''to' Rutherfcrd'nccordi'ng tS ivhbm 
positive ^ charge' is 'conicbiitrated' in' a hufcicua'at 'the^^htre and 


electrons rotate' "round' "this hncieus, ' The' an'albgy witli '_ 
Solar system is'’hbw''c6mpleti:'. ■"■Tbe 'id^a'‘:of'■^'’ha'rd^tiast^c^^ 


indivisible-atorh is-completcly gone j 'in its stea,d we have'^now 
empty space in which 'a: number of particles rotate- round ''the, 
nucleusP Into' such Utoms or particles can 'easily penetrate -and 
be repelled' by -the positir'ely-charged ^^nucletis,?;' There being 
now practically 'ho liniit' to. the' 'minimiini' distance of approach 
of the .'centre's;'’ the 'repulsive’ force'' may be’ i'as large- as it is 


necessary ‘ to produce the" defic'ctioh of a rays. As a matter 
of fact, 'later, on-'nitta'surifag 'this large angle scafterihg of a 
rays, 'Rutherford and -Chadwiclc were'succesfiil’ in detcf.ihin- 


ing the-charge bn tbe\nucleus,'^- ‘"‘i'-'-v i ■ /'-r- '.'J* u\ 

h'.'-.'-O -""i-'i*' 

,, ^ 'Without going.^thpugh historical .stages,, we may,now sum 
up the final conclusions, , The number of rotating electrons 


in an atom is the . same as the position of . the;- atom in the 
^periodic... table,... - This number, .is known., as *iPGJic ..Dumber. 
.Thus ,a. hydrogen, atom,, consiste of ,.a ,, positively,' charged 
nucl eus known as „ proton , surrounded by ,on ly, „pne rotating 
electron. The chafge.of the proton is numerically . the .same 
as that of the electron but its mass ,is, mpch,, larger., .. The 

mass of an electron being negligibly small— only of that 


of a hydrogen atom — the , mass of _ a proton is, practically 
the same as that of ^ a. hydrogen, atpm^; 
particle known as neutron was. discbyered,;..this,.is ,pf 
the same mass.as a proton, butjs , neutral, «. .e. it.,cames,no 
charge. All atoms are believed .tp,,bc built. up of these, .neu- 
trons, protons .and ejecriops.., Thns,.a He atom^is of atpmip 
number two. The' number of roU .electrons ip a , He atom 
must therefore be two.J Since ',,the He atpip„as a, ■wjb.pl.b .is 
neutral we conclude that there ‘ are two protons in the 
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nucleus. And since the atomic weight of He is four, *. tf. a 
He atom is four times as heavy as a H atom, the nucleus of a 
He atom must also contain two neutrons. Thus the nucleus 
of a He atom consists of 2 protons and 2 neutrons and this 
nucleus is surrounded by 2 rotating electrons. . / 

-Similarly for an oxygen atom, • j 

At. Wt. — ie) . No. of rotating electrons ••8 and the nu» 
At. No. •• 8 J * ! cleus consists of 8 protons and 8 neutrons. 

For a Na atom-, - ‘ < 

At. Wt.“23 » . No. of rotating electrons — 1 1 and the nu- 

At. No. “’ll i '* cleus consists of llptotonsand 12 neutrons. 

, And so on. 

Thus the atomic number and the atomic weighty, are_two 
characteristics of the atom of an element. It is , customary to 
Tcprcsent them as follows 1 — iiNa** denotes that the sodium^ 
atom has the atomic number 11 and the atomic weight 23, 
denotes that the oxygen atom has the atomic number 8 and 
atomic weight 16 and so on. ^ , 

Art 198 All the rotating electrons however are not at 
the same distance from the nucleus.^ Groups of electrons 
lying approximately on one spherical shell* surrounding the 
nucleus, rotate approximately at the same distance from the 
nucleus and in all atoms ( excepting hydrogen and helium ) 
there are several such groups of electrons rotating in different 
shells Each shell is satisfied with a definite number of 
electrons, $.e. it can contain a definite number of electrons and 
no more. The first shell* ». «. the shell nearest to the nucleus 
is known as K shell ; it' is satisfied by only 2 “electrons. 
The next shell — L shell, can contain 8 electrons, \ the third 
shell — M shell, also 8 electrons, the fourth shell-^N shell, 
18 -electrons and so on.' , . ' 

_ It has gradually been realised that physical and chemical 
properties of an atom depend upon the number of electrons 
in the outermast shell. Take for instance the inert gases— He, 

“shell" has been usefl here in the seaie in which the 
’VTord orbit is soraclisneB used, , t ^ 
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Nc, A, Kr etc. respectively with atomic numbers 2, 10, 18, 36 
etc. The number of rotating electrons in these substances is* 
also respectively the same as these atomic numbers. The two 
electrons in a He atom are all in K shell ; oFthe 10 electrons 
in a Ne atom 2 are in 'K shell and 8 in L shell. ' Similarly in 
an A atom 2 are in K shell, 8 in 1/ shell and 8 in M'shelJ 
and so on; The outermost shell is in all these cases satisfied, 
*. o', contains the requisite number of electrons and the result 
is that these 'substances have no tendency to combine with any 
other substance,' — they are inert gases. The substances which 
follow the inert'gases in the periodic table have one electron in 
excess and this extra electron is in the next higher shell. 
These substances have an electro-positive character and the 
valency is one. Li §. Na, "K etc. are examples of this class. 
On the other hand those elements which precede the inert 
gases in the periodic table have one electron less than what is 
necessary to satisfy the outermost shell. In these cases also the 
valency is one but these substances are' electro negative in 
character. F*, Cl, ^r etc. are examples of this class. A stable 
compound is formed when one substance of the former class 
combines with one of the latter. The former readily loses the 
extra electron which the latter greedily absorbs". Similarly 
substances where there are two electrons in excess of those satis- 
fying the different shells have a valency 2 and are electro- 
positive and substances *where- there 'is a deficiency of' two 
eJeotrort* satisfying the 'outermW shell, have also a valency 2 
and are electro-negative. ' ^ Stable compounds are formed when 

§ The atomic numhere of these sahstances are 8, 11, 19 etc. Of the 3 
electrona in Li atom, 2 are in K shell and one In L shell ; 11_ electrons 
in Na atom are distribnted*“2 in K shell, 8 in I, ahcll and one in M shell. 
In a K atom 2 electrons arc in K ehell, 8 in L shell, 8 in M shell and 
one in N ahell ; and so on. Thus in every cane there is one electron in 
the outermost shell, 

• The atomic numbers of these substances are respectively 9, 17, SS 
etc. In a F atom 2 electrons are in K shell and 7 in L shell, in a Cl 
atom 2 elections are in K shell, 8 in L shell and 7 in M shell ; in the 
case of Br atom 2 electrons are in K shell 8 in L shell, 8 in M shell and 
17 in N shell. Thus in every case there is one electron short of what 
would satisfy the outermost shell. ‘ 
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a substance of the first group combines with one of the second. 
And so on. 

Art 199 One fundamental objection can however be 

raised against the above theory of the structure of atoms. It is 
well known from classical electrodynamics that a charge in 
rotatory motiop radiates energy. An electron rotating round 
the nucleus should therefore continuously loose energy and as 
a result its speed of rotation must continuously diminish and 
in no time it should coalesce with the nucleus. An atom with 
rotating electrons cannot therefore be stable. 

Towards the close of the nineteenth century and in the 
beginning of the twentieth century a number of experiments 
was performed which shook irbe* very foundation of tbe 
classical concept about Light and Electricity & Magnetism. 
Attacks on the classical theory wore coming from different 
branches of Physics. In the year 1902 Planck a German 
physicist, in order to explain tbe nature of radiation emitted 
by a black body, put forward the revolutionary hypothesis 
that energy is emitted not continuously but in the form of 
quanta. These quanta are nothing but bundles of energy 
and according to Planck the energy of each quantum is hv 
where v is the frequency of radiated energy and h is & 
constant now known as Planck’s constant. In the year 
1912 Bohr a Danish scientist boldly asserted that 
classical theory is not applicable to the electron rotating 
within an atom, ». e., an electron while rotating in any orbit 
inside the atom does not radiate energy. When however the 
atom is excited by electric sparking or by high temperature 
or by any other means, the electron in the outermost orbit is 
removed to still higher orbits ; but these higher orbits being 
unstable the electron almost immediately jumps back to the 
lower orbits. And as the electron paJsses from a higher orbit 
to n lower one the difference of energy in the two orbits Is 
radiated out in space as radiation. Bohr took np the idea of 
Planck and asserted that the frequency of this radiation is 
given by the relation— radiated energy “ A''. The success with 
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which Bohr explained the spectra of hydrogen on this theory 
at once placed his theory on a sound basis. Althohgh in later 
years many modifications have been introduced in this theory 
Bohr’s theory still remains fundamentally sound even up to 
the present day. ' 

Art 200 It will be seen from the foregoing articles 

Atomic Number atomic number of a substance is more 

fundamental than the atomic weight. The latter gives us 
merely- the weight of the substance relative to that of 
hydrogen ; it does not ordinarily give us any other information 
about the substance. The former, on the other hand, being the 
same as the number of rotating electrons, tells us how many 
electrons there are in the outermost orbit. And from this wc 
know the valency of the substance, we also know whether the 
substance is electro-positive or electro-negative ; many other 
physical and chemical properties can also be deduced from 
these. There is no regularity or symmetry about atomic wts. 
of different substances. The atomic number on the other 
hand, increases regularly by unity from one element to the 
next in , the periodic table, ' The atomic wt is more or less 
an accident whereas the atomic number is a fundamcntnl 


property of the atom. In the earlier days when the periodic 
table was constructed on the basis of increasing atomic wts 
one serious discrepancy was /noticed. The atomic v4. of 
Argon is greater than that of Potassium ; Argon was therefore 


placed after Potassium. Butthis placed I’otassium in the group 
of inert gases and Argon in that of Alkaly metals. CkarJ; 
the properties of Argon and Potassium d:d not corresrr ud to 
those of other substances in the same, group. Later or when 


ideas about Atomic Number became clear it was Te.abscu 
that At. No. being more fundamenta' sub-rtanccs .shou'’.' be 
arranged in the periodic tabic not in the order of incrc.isinp 
At. wts. but in the order of increasing Atomic Numbers, IIk- 
At. No. of Argon is less than that of Potassium, Ibe posiuo..s 
of Argon and Potashiura were therefore inteiciianged an ue 


discrepancy was removed. 
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In mod'^rn thcniMrv the jlomic wciglu of oxygen is taken 
10 be 16 and those ol ail oilier bubstanccs are measured with 
reference lo this aioma weight of oxygen. Jn this way, pre- 
viously, except in the ease of hjdrogcn, the atomic weights of 
almost ail other substances Lame out to be integers. In modem 
times, however, due to very accurate measurements these atomic 
weights arc no longer integers in almost all cases their, values* 
arc somcw'hat different from integers. Such deviations from 
integral values arc considered lo be due lo what is known as 
"Packing HfTcrt’'. In modern times a new expression “Mass 
Number'" has accc'rdingly come into prominence. This 
mass nuhiber is the integer nearest to the atomic weight. It 
tells Us precisely the number of protons and neutrons in the 
nucleus of an atom. The question naturally arises as to' how 
these protons and neutrons hold themselves in equilibrium 
within the .small compass of the nucleus. This has led to 
many researches as *o the p-opertics of protons and nentrons 
and attempts havt been made for ascertkinlng the structure of 
the nucleus. It is in this way that an estimate may be made of 
the nuclear energy that may obtained from the nucleus of 
an atom. 

As it olten happens once the production 
,, An xui ‘ f . M 

of electrons by the electric dischfirgc was 

definitely estatlished, other methods were quickly discovered, 

whereby electrons could be produced in a much simpler way. 

AccordiuK to Bohr's theory an electron in the outermost 
orbit of an atom may be removed lo higher orbits bv erciting 
the atom, i.e, by imparting additional energy to the atom. If 
this imparted energy be sufficicntlv large the electron may 
ultimately be removed from the atom. The atom in that case 
ib said to be ionised and this process of detaching the electron 
from the parent atom is kuovm as inr.hatton. This additional 
energy may be imparted by simply heating the substance 
strongly. Thus mere heating to incandescence causes a 
metallic wire to emit- elections^ ARaiu, ultra .violet rays,- X 
Ra vs. y Bays etc. possess energy given by the equation 
where h is Planck’s constant aud v is the frequency of the Pays. 
So when anv of these rays is passed rhrough a gas energy is 



imparted to the atoms of the gag by these rays and electrons 
are detached from the atoms, i.e. the atoms are ionised. 

The supply of energy to the atom may also conveniently 
be done by bombarding the atom by a stream of external 
electrons accelerated by a suitable potential gradient. If an 
electron falls through a potential drop Y its velocity v genera- 
ted thereby is given by i mv^ •=■ eV. If this velocity be suf5. 
ciently large the atom bombarded by the electron may be 
ionised. The value of V just sufficient to ionise an atom is 
known as the Ionisation potential of the atom. Sometimes 
after one electron has been removed from an atom a second 
efectron may also be removed provided the energy of the 
bombarding electron is sufficiently high. The atom in this 
case is said to be doubly ionised. Thus there may be a 
second ionisation potential. The ionisation potential of 
Hydrogen is I3‘6 volts. The two ionisation potentials for 
removing the two electrons of a He atom are 24'5 volts and 
78’6 volts. A Mg atom has more than two electrons rotating 
round the nucleus. The ionisation potentials corresponding 
to removal of the outermost two electrons are 7 6 volts and 
15 volts. And so on. 

Sometimes the energy of the bombarding elecron is just 
sufficient to displace the electron of the bombarded atom to 
the next higher orbit. The potential drop V ftbtough which 
the bombarding electron falls) is then known as resonance 
potential. The higher orbit being hov/ever unstable the 
electron (which is displaced to this higher orbit) immediately 
afterwards comes back to the original orbit and a wavelength 
A of light corresponding to the difference of energies in the 
two orbits is emitted. The wavelength js then known as 
the resonance line, A ray of wravelength A possesses an energy 
A V where V is the corresponding frequency. .This’ energy In' 
must be equal to the energy it m of the bombarding 

electron. Now A - where C is the velocity of light. Hence 
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fc-6'62 xIO"*" erg. sec C*“3 x I O’ ‘’em s/sec. 

6»4‘80x 10-“ E. S. U. IA~lO-*cms. 

„ „ o T-^ 6'62X10 -»’x3x10^» 

Hence V (E. 8. U)“ 4‘80xl0-“xA 


6'62 X 10-»’ X 3 X 10^° X 300 J2'4 x 10-» 

V (volts;- - 4 80 X 10 "’® X X A 

12'4xl0-’ 12400 ® 

/. A cms= y A 

■where V is measured in volts. 
For Hg the resonance lines corresponding to the first tvro 

O O 

higliet orbits, are 2536 A and 1862A. Hence the correspon- 
ding resonance lines are given by volts and 




12400 

'l862 


•“6'66 volts. 


Art 202 
Positive Rays 


As the nature of cathode rays was 

gradually and firmly established another 

allied phenomenon •was studied by Sir J. J, 

Thomson. We hav'e seen in the previous articles that in . a 

discharge tube cathode rays or electrons come out of the 

cathode end travel vath fairly large velocities. The quantity 

of gas within the discharge tube, although extremely "small 
1 *■ ? 
is not however absolutely nil. Some of the electrons “coming 

out of the cathode and travelling through the tube collide 

•with the atoms of this residual gas. By this impact the atoms 

are ionised. These, ionised atoms being positively charged 

t vide Art 201 ) are acted on by the electric field ^and move 

towards the cathode with considerahle velocities. Sir Thomson 

used an aluminium cathode perforated along the length by a 

fine hole. The ionised atoms pass through the hole end come 

to the other side ; they are then known as Posifivc rays. On 

this side also there is an evacuated tube — evacuated more 

completely than the main discharge tuT)e, so that the com- 
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MM ... Hor«e shoe electromagnet. 


Fig. 278' 


■paratively massive* .'positive' fay particl^ ‘may ' move in 
straight lines vyitBout meeting with any collision, ... 

E ■ ■■ '■ 

To find — • for these positive rays, the usual electric and 


magnetic field, were applied, perpendicular to the rays. Sir 
J. J. Thomson applied these fiei.^s simultancously-rand "-along 
the same direction. As has been explained in Art 195 the two 
fields being applied in .th^same difectibnVthe’defiectibns of 
_the positive rays produced by these fields'sre at right angles^ 
to each other, l^e magneticjifield is applied by the' electro- 
magnet MM., The. end faces .E, , E of ^the poles of the 
•eleef — ‘magnet are insulated .from the main body, of the 
'C^.tV^.^gbet, The eiectric field is applied between, these^ 
,B, ,E. A photographic plate P perpendicular to 

the pi=^,fnf the rays is' placed at some disf.'incc. and the rays 

are receded by this’ plate. •'■"Tbc'electric^defiection'Sy and the 

magnetid 'dii9ection'‘;di,‘afe -gifen "by equations' (65) and (66) 
[Art 193]\^ubstitutiijg’a: and'y for'di a'nd Sb'm'th^c equations 


vre have a ■ 


E 




rXliDi and - yy 


~tH7jDj -wherc' E- and M 
idv . 


■ • 'Posith-i ray pailiclcf'efe' missive In comp'enson ■ to ettibde 
rays or electron*. 
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are the charge and mas’? of a positive rav particle and other 

quantities have their usual meanings. 

E E 

Thus s=Ki— and t/“Ei-r:— 

Mn 

■where Ki and Ka are constants depending on the apparatus. 
Eliminating v between these two equations we hate 

Hence for particles which have the same value 

s Ki M 

q{ ? . ?- =Const. This obviously represents a parabola. 
M s 

E 

Thus particicswhich have the same value of - but differ- 

iVl 

ent values of v, are distributed over a parabola on tbe 

photographic plate. If be different the constant is also 

' E 

different. Hence particles having different values of — are 


distributed over different parabolas. Erom these parabolas 

^ and ultimately M of different parricles can be determined. 

Aston improved the arrangement by separating the electric 
field and the magnetic field. He arranged the fields in such a 


way that particles having the same value of £— were concen- 

. - ^ ' r ^ r 

trated at me point, instead of being distributed over a 
parabola (as in the'ease of J, J, Thomson’s apparatus ), Thus 
the presence of even such particles as •were small in 
number, could be detected. In this way M i. e. the atomic 
weight of different substances present even in .small quantities 
in the " discharge tube could be determined. The apparatus 
designed and used by Aston is now known as “Mass 
Spectrograph". The apparatus ■used by Sir J. J. Thomson is 
also sometimes called Thomson’s Mass Spectrograph. 

In the early 'days of the development of 
chemistry Pront put forward the hypothesis 
that all atoms are built up of the lightest 


Art 203 

liotopcs 
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atom, viz, that; of hydrogen. ' According to this , view the 
atomic weights of all substances 'should Be integers; "This 
view soon became untenable when by more accurate measure- 
ment the atomic weights of almost all substances were found 
to be, fractional and not integers. 

With the ■ measurement of atomic weights of individual 
particles by J,. J. Thomson's parabola^mctbOd and later bj 
Aston’s Mass Spectrograph the same view bas again come to 
the fore although in a, modified. form. .It is now. .noticed that 
those substances whose atomic weights were hitherto known 
to be fractional are now found.to be a mixture .of„two. or more 
substances whose individual atomic weights are integers. 
Thus- Chlorine 'iwhose atomic • wreight' as determined by 
chemical methods is known to be ,35 '47, is now found to be 
consisting of two kinds of atoms whose individuak weights 
are 35 and 37, These latter ;are^ always,, .raized -in .such a 
proportion that the average atomic weight comes out to be 
35'47. - . These atoms although ^differing itj . heights have .the 
same phy.sical and chetnical properties so that they. can never 
be separated' by ‘physical or 'chemical roefbods, " lii'A'stbn's' 
mass Spectrograph however, they, are made to be concentrated 
at different; points on the .-photographic .plate and; are thus 
differentiated, -Such atoms which differ in weight bnt have 
the same - ph'ysical and -hhcroical properties- are 'known as 
Isotopes, Thus Neon whose ordinary At wt. is 20’2 has two 
isotopes of ' wts 20 and 22. Tin has six. isotopes, . Even 
stibstances whose atomic wts are found to be integers when, 
measured by ordinary methods are also sbm^etimei known to 
be consisting of isotopes. Thus oxygen in addition to. the 
ordinary yariety of Atl wt.” 16 has a rare isotope of At, wt. 17 
arid another of 18. The At. wt of, hydrogen is one. But two 
other variepes.'of At wts, 2 and 3 Lave been, discovered., 
have the same physical and chemical,. properti^ as, ordinary 
hydrogen. But they^ are heavier,;, and because of this heavi- 



ness they are called Heavy Hydrogen.* 

With the exception of a few almost all the elements are 
now fonnd to be consisting of isotopes. It is also noticed that 
elements with odd atomic numbers almost never possess more 
than two stable isotopes. While those with even atomic 
numbers usually have a larger number of isotopes and these 
latter again occur in a fairly regular manner, e g. the isotopes 
of iron (At. No. 26) are 54, 56, 57 and "58 ; those of Zinc 
{At. No. SO) are 64, 66, 67, 68 and 70. 

Art 204 Measurement of the charge e. 

We have discussed how the specific charge — of an 

m 

electron was measured. Soon afterwards attempts were made 
to measure the charge e. One of the best methods for measur- 
ing the electronic charge is that due to Millikan. 

The insulated metallic plates Pi and P* separated by a 
small distance are placed within an air-tight chamber B, 
Oil (or mercury) is sprayed into the chamber B through the 
funnel F by the atomiser A. There being a small hole in 
the upper plate Pi, some of the drops of oil (or mercury) 
produced by the spraying, pass into the space between the 
two plates. X Ray radiation from the X Ray bulb X ionises 
the air within, so that the tiny droplets as they fall slowly, 
collide with cither electrons or positively charged ions and 
become charged accordingly. An electric field strength of 
which can be varied as desired, is established between the 

• Hydrogen of At. vrt 2 -was first discovered and vras called Heavy 
Hydrogen. Hydrogen ol At. rrt 8, discovered later, is not nsnally bo 
called. Hydrogen of At. wt 2 also k - as Deuterinm vraa first 
discovered by Prof. Urey spectroscopically vrhile he was studying the 
spectrum of Hydrogen. Clearly if ordinary hydrogen he replaced by 
Denterium in a molecule of water the resolting water will be somewhat 
heavier. Such ‘heavy water’ was actnillly obtained by electrolysing 
Urge quantity of ordinary water by heavy current for a long time. The 
tmall quantity of water that ultimately remained was fefend to be ‘heavy- 
water . Us properties are also diScrent from those of ordinary -water. 
Its frcsrlng point is S-8C, boiling point 101-4C and latent heat of 
vaporisation is 796 Calories. 
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plates. The upper plate heihg positive with respect to the. 
lower, charged oil drops are attracted towards the upper or 
lower plate according as the charge is negative or positiyei" A 
powerful beam of light from an arc lamip, ijluminatcs the 
drops so that they appear as specks of light in the field of view, 
of the microscope M.' Attention is concentrated on one of the 
drops pulled upwards by the clecMc field. . If E be the charge 
on the drop and X the strength of.the electric field, the upward 
force on. the drop is XE : and if n be the. mas-s of the oil 
drop, mg is the weight acting downwards. The strength X 
of the electric field is adj|^j.'sted until , 

.ibs—wp. : . ■ — ' W 

In that case the oil idrop is not act^ on hy any force and 

can be observ^ for hours by the microscope as a stationary 

luminous, point ... ... , 

In equation (o) X and p are nreasurable quantities. To 
find ‘m’, the'-'electric' field is removed and the, oil drop is 
allowed to fall downwards by the, action of its own weight. 
As the size of tne drop is extremely sraali jit .soon , acquires 
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n miform limiting velocity ■with ■which it goes down slowly 
in the held of view of the microscope. This limiting velocity 
is measuted by means of a scale placed within the microscope 
and is given by Stokes’ equation - 

... ( 6 ) 

9 ^’1 - 

where a "radius of the drop, P" density of oil, ^“density 
of air and ’?■=’ viscosity of air. ■ 

Thus in equation (b), all other quantities being known the 
radius ‘a’ of the drop can be determined. Hence the mass m' 
is obtained from the relation 

4 

Mass ^m’ •” volume density ■=• — 

In equation (a). X, m, g being thus determined, the charge 
E on the drop can be measured. , It Is to be noted, however 
that the oil drop— when it is observed by the microscope, may 
have already captured one, two or more electrons. The 
charge E is therefore not necessarily the electronic charge 
itself but may be twice, thrice or even greater multiples of 
the same.. The experiment was repeated a large .number of 
times with .hundreds of drops and at different intervals of 
time. It was noticed that different values of E obtained in 
this way, were all integral multiples of a single unit. This 
unit* is therefore the charge of the electron. Millikan obtained 
4’77x 10“^® E. S. unit as, the electronic charge. The present 
day accepted value is 4'80 x 10“’° E. S. unit. 

Exercise XX 

1. Desoribe the properties of cathode rays and discuea 
briefly how they were applied to the determination of the* 
nntorc of the cntfiode rays- ’ 

2. Explain how an eleotrio fieid and a magnetic field may 
be BimnltaneouBly Bnporposed on the path cl cathode fays so 
that cathode rays arc not deviated from' their rectilinear path. 
Show bow >bia leads to the direct determiuatioD of the ve locity 

• Thh wa*: chect-eii and corroborated in many other -ways. For ft 
fuller discussion, see 'I-.ltclrons* by Millik.it!. ' ' • 
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of the cathode rays pBrtiolesj * v. , 

3; Explain why the deflections iu the path of a movins 
charged particle by an elootrio field and a magnetic field applied 
in the same direction, are at right angles to each other. 

4. A pair of platesj'each, of length' 10 cms are placed at a 
distance of 6 mm from each other and an electronic particle of 
charge 4 80xi6~^®'E. S tinit and mass S'OxlO""** gmS'.ii 
projected through them. If the plates are at a differonoe of 
potential of 6000 volts and if the particle Is deflected through 
30° find the volooity with which the particle is prdjeotedl ' - 

Ah's; 1*93 X 10’® cms per oeo. 

5. Distinguish between atomic, number and atomic weight. 
Which is more fundam-atal and why ? 

6. Describe briefly the structure of an atom explaining . 

bow the valency of an atom is determined by the position of 
the atoth in’ the periodic table. ' " ’ ' • ' ' '■ 

■ ,v C. ,U. pnestioDS. 

" 1965. Describe the oohstmetioh and- working of a 

Thomson’s Mas's Spectrograph ' Indicate the results oblsined 
with' it. ■ ■ . , ' ; ' ■ • • ■ 

1966^ Describe an experimental methou’of dbtormiriing the 
specific charge of an electron. .Disbuse' what led the scientists 
to believe that the electron is a common obhstitnbnt of matter. 

1967. Write short notes on (a) Cathode rays (6) Positive 

rays. - 

1968 (1) Describe and- explain, a method of determining the 

charge of an electron. - > . 

(2) Writes notes on “Structure of the nucleus”, 

1969. Give an account of a suitable jjnethod ,for the measure- 
ment of e/m bf.electrons. 

Through what potential difference must an electron be accclfratcd 
in order to attain a velocity, of 3x10* cm/sec ? c/m for electrons 

=-1.76xlO’E.M.U. pergrn. :/ . j, 

1970 (1) Give an account of Millikan’s method for the deter- 
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mination of ihc charge of an electron. 

Calculate the electric field in volts, 'cm required in Millikan’s 
experiment to balance an oil drop of radius 3'6 X lO"’ cm carrying an 
electronic charge from the following data i 

Density of oil— 0 ft gm cc ; g-981 cms/scc- ; e-- 4'80 X 10 
E S unit and 1 E S. unit of E M.F =300 volts. 

(2) The atomic weight of sodium is 23 and its atomic numbci 
is 11. What IS the structure of a sodium atom. 

1971. What arc cathode rays? Give an account of the 

method for the determination of e/m for cathode rays. 

Calculate the ratio of the electric force to the gravitational 

force acting on an electron in an electric field of 300 volts/cm. 

c/m for electron = 1.778X 10’ e.m.u. Ans. 5.444X 10'^ 

[Hints ; Electric field is Xe and gravitational field is mg. 

‘ rr ^ ” Xe X e 1 

Hence their ratio = — —-c- — 

‘ mg g ra J 

1972. (1) Describe Millikan’s method for the determination 

of the charge of an electron. ' " ' '' 

1 

(2), What are isotope.s? How can their occurrence be 
explained ? Uranium of atomic weight 92 has two i.sotopes of 
atomic weights 235 and 238 respectively. Explain the difference 
in the nuclear structures of the isotopes. 

1973. What do you mean by the mass number and atomic 
number of an isotope? The mass number and the atomic number 
of an isotope are 27 and 12 respectively. Give the atomic and 
nuclear structure of the isotope. Can you identify the isotope? 

1974. (1) The atomic number of an clement is 20. What is 
its valency? 

(2) In what way do two isotopes of tne same element differ 
from each other, so far as the number of electrons, protons and 
neutrons ore concerned. 

1975. Describe with theory Millikan’s method of determining 
tlic electronic charge. 

An electron moves with a uniform velocity of 3 X 10’ cm/sec 
under the action of mutuallv perpendicular electric and magnetic 
fields If the electric field be 300 volts/cm; calculate the strength 
of the magnetic field. 1000 Oersted. 



CHAPTEEt .XXl . , ; 

X BATS -AlfD BADIO-ACriviTy 
' ,X Rays., , , 


Towards tlie end of the nineteenth centnry 
' Art 205 thfe -properties of cathode' rays as discovered 
Discovery. -• studied by Sir j. j. Thomson and others, 

' ' • ■ /attracted, attention , of numerous physicists 

all Over the world. ■ In the year 1895 W..K. Rontgeh Professor 
of Physics in the uniyersity _pf Wiirzburg was, working.; with 
such a highly evacuated cathode ray tube. Luckily for him 
and luckily for mankind 'a screen "of -barium platinocyanide 
was placed . accidentallyin the. vicinity. of his tube;; <He found 
to his surprise that as the cathode ray, tube was. being worked 
the screen began to glow with a faint greenish yellow,”' 
fluorescent light. He thus discovered the generation of a new 
kind of'Tadiation whose origin, be ultirnately' traced' to the 
sides of 'the -glass vessel where the'cathode rays impinged. Just 
as in algebra the letter 'X’ stands for 'any iinknown quantity 
so these rays, pending further enquiry as ‘ to. thc-ir nature, 
were called X' Rays'*, they are also nowadays sometimes called 
Rontgen rays after the nathe of the discoverer. ' . . 

The most remarkable -property that .was soon found to :bc 
possessed by these rays was that .the rays 


Properties could pass more^or Jess freely, through ;many 
substahces .such ,as wood,, .papery, flesh:;etc. 
which are opaque to ordinary light. Bones,- metals and other 
denser, substances were -.however .opaque to these rays also. 
Indeed opacity was found to be dependent;, on 'density. X- 
Rays were also found to ionise a .gas and to affect' a 
photographic plate, - ' '' ' ■ ''I , 

It was' gradually ■.established- that X Rays' 
are best produced by the iriipact of high 
speed cathode ray particles on a metallic target (now known 


Art 206 
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as anticalbode) placed within the discharge tube. This fact 
ultimately led to the development of the common form of X 
Ray tubes usually seen in the market. 

The property that cathode rays or electrons start out of 
the cathode in a direction perpendicular to the surface of the 
cathode (Vide Art 191), is utilised in the construction of an 
X Ray tube. The cathode C is made concave so that cathode 
Rays are all concentrated at the centre* of curvature of the 
cathode. At this centre the anti-cathode T generally in the 
form of a circular plate is placed inclined at an angle of 45° 
to the beam of cathode rays. Bombardment of the anti- 
cathode by the electrons being thns very much concentrated 
a powerful beam of X R.sys is generated from the anti-catbode. 
The cathode is made of aluminium because aluminium 
sputters least, A large amount of heat is also generated at 


Fig, 280 



the anti-cathode by the impact of cathode rays. *To withstand 
this the anti-cathode is made of a heavy metal such as 
platinum or tungsten having a high melting point ; it is 
sometimes attached to the end of a heavy copper tube which 
is hollow and cooled with water for carrying away heat. A 
separate anode A 'placed somewere in the tube is in metallic 
connection with the anti-cathode. The action of this separate 
anode is hot definitely understood ; but it is found in 

• Acinally catbode rays or electrons are concentrated a little beyond 
tbc centre of cutrature ; this is because of the tnntnal repnlsioo exist- 
ing among the electrons. 
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practice to improve the working, of. the tube, ..The tube is 
generally run an, inductipn. coil or a .high' tension, step-up 
transformer, producing 30, OOo'to 50,000 .volts,. L . The pressure 
within the tube is of the order.pf 10"Vmm. r. .. . . 

■ ■ Since 1913 an altogether neW- type of 

^ Art 207. tube designed by W. D, CooHdge, has been 
oo Idgetuhe ' placed on the 'market. ' Air is ’ removed from 
■ ■ ■ ’ ' ' witbin this ■tube-' as completely as possible so 

that ordinarily ho discharge can- be - passed across the tube 



Fig, 281 

owing to insufScient nninber of possible carriers left in the 
tube. The cathode C is however made pf a spiral of tungsten 
wire which is heated to •incandescence by means of an 
electric current. Large quantities of electrons (thermions) are 
thereby emitted and these serve as carriers in the discharge 
tube. These thermions , have initially very small velocities 
bnt can be. speeded up to any desired extent by applying 
corresponding potential difference , across the tube, T^ey 
are -focussed into a: beam (by surrounding dhe cathode with a 
tube of; molybdenum , M.'.:.^The anti.cathode,A is, made of a 
massive, block of tungsten-. ;No,,arrangemcntf for. cooling, is 
usually made and no separate, anodcjis provided for. , . 

; <: • 'As has , been.statcd, earlier X^Rays , affect 
Art 208 . photographic plates,.- The presence obX Rays 

^chamb°” . can therefore, be detected by , the pse of .these 
plates. An- approximate estimate of the 
intensity of X Rays „ can also' b'e obtained by the depth of 
intensity on the photographic plates produced by X ^^7®' 
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A more accurate estimate of tbe intensity' can however be 
made by v.-bat Is known as the Ionisation chamber. In this 

apparatus a metal 



rod R is placed on 
suitable insulating 
stands inside a 
metal chamber C. 
At one end the 
chamber has a 
window W made of 


aluminium through 


which X Rays can 
Fig. 282 enter the chamber. 


A potential difference of several hundred volts is applied 
between the chamber and the rod by means of a battery. 
A quadrant elcctiometer E is also connected to the rod R so 
that it may detect any charge that may come to the rod.. The 
chambot is filled with a gas, usually at . atmospheric pressure- 
• Hydrogen, air, carbon bisulphide* sulphur dioxide, methyl 
bromide are some of the gases used in an ionisation chamber. 

When X Rays enter the chamber through the window 
they ionise the gas. Electrons and positive ions formed 
thereby are attracted towards the respective electrodes, viz 


the rod and the chamber and there is a current tetween the 


two. The lod being thus charged tbe electrometer shows 

deflection. This deflection is proportional to the rate at 

which the rod is facing charged and hence to the intensity of 

of the X Kays. Wc have thus a measure of the intensity of X 

Kavs. ‘ 

* \ 

The ionisation chamber has also been utilised in detecting 
the presence of and estimating the intensity of many other 
raj s and particles. 


Art 209 
Nature of 
X Rays 


Rontgen found that X Rays could not 
be deflected by a magnet. Unlike cathode 
rays they could not therefore be streams of 


charged particles. To all probability they were electromagnetic 


in nature like ordinary waves of light. But he did not 
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succeed in establishing their identity -with light. For, all 
attempts to observe the usual properties associated with 
light, viz, reflection, refraction, interference, difiraction and 
polarisation, yielded only negative results. 

It was strongly suspected that X Rays, if at all they are 
waves -in ether, must be of very short wavelength at least 
1000 times smaller than that of ordinary light. This would 
at least explain the apparent impossibility of demonstrating 
diffraction of X Rays by an ordinary grating, A beam of 
sodium light of wavelength 5890A is diffracted by about 19* 
in the first order by a grating with 5500 lines to the cm. To 
produce a similar deflection in X Rays would therefore 
require each of the spacings of the grating to be divided into 
1000 spaces : this is obviously mechanically impossible. 

In the year 1912 Prof. Lauc conceived the brilliant idea 
that a crystal might provide a natural grating of suitable 
spacing for the diffraction ofX Rays, There was however 
one important point of difference. An ordinary grating 
consists of parallel spacings all in one plane but the regularity 
of a crystal grating is in three dimensions instead of only two 
and may be roughly compared to a pile of gratings, one 
placed on the top of the other. The mathematics of the 
problem was indeed difficult but Prof Lane successfully 
tackled the problem and obtained a solution. According to 
him a narrow beam of X Rays passing symmetrically 
through a crystal would be diffracted in certain definite 
directions a photographic plate be placed perpendicular 
to the beam, a symmetrical pattern of spots arranged accord- 
ing to definite laws would develop on the photographic plate. 

Laue however was not an. experimentalist ; the theory was 
put to a test by two of his students Friedrich and Knipping in 
1913. A powerful beam of X Rays generated from the anti- 
cathodc T and made very narrow by a series of slits in lead 
screens A, B and C was ultimately incident on the crystal X. 
A photographic plate P was placed perpendicular to the beam 
and an exposure was made lasting for several hours. When 
the plate was developed it was found that the central black 
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patch made by the undcflected beam of rays, was surrounded 
by a symmetrical pattern of spots exactly as indicated by the 



theory. The theory was thus abundantly verihed. This 
ultimately opened up a vast field of research probing into the 
structure of crystals. , 


4 After the discovery by Prof. Laue that 

Bragg’s Law ^ ether attempts were 

< naturally made to measure the wavelength of 
X Rays. By this time Prof. W. L. Bragg developed a simple 

theory about the reflec- 
tion of X Rays by crystal 
faces. Let a narrow beam 
of monochromaticXRays 
of wavelength A be inci- 
dent on the face of a 
crystal ata small glancing 
angle 0. As X Rays can 
penetrate* into-thc crystal 



Fig. 281 Bragg assumed that X 

Rays are partially reflected successively from the diflferent 
layers. Let the incident beam AB be partially reflected by the 


• As X Rays penetrate into tlie crystal intensity of XRays gradually* 
diniinisbrs, eonipletc absorption taking place after the penetration of 
several layers of atoms. 




444 


first layer along BC. On entering the crystal along BD* let it 
again be partially reflected by tbc second layer in the direction 
DE, If DF be dropped perpendicular to BC the path difi’erence 
between the two reflected rays is clearly equal to BD -• BF. 
Let BG the distance between two successive layers be 


represented by d. 


Then sin 

£D 


Or BD » and BF - BD cos 20 - . 

sin 0 , sin 0 

Hence the path dififcrence »» s - — ~ T 

■ sin V' sin 0 sin 0 

“2d sin 0. If this path difTerence be equal to nX the two rays 
reflected from the first two layers reinforce each other. Clearly 
if this relation is satisfied rays reflected from all the layers 
also reinforce one another and we get a strong beam of reflec- 
ted rays in the direction given by 2d sin 0*'nX. This is known 
as Bragg's equation for reflection of X Rays ' by a crystal 
surface. It is to be noted that when the wavelength X and 
the glancing angle 0 satisfy this relation then and then only a 
strong beam of reflected rays is obtained ; for other glancing 
angles the beams reflected from different layers are out of 
phase with one another and as a result there is no cff'ective 
reflected beam. 

Art 211 order to measure the glancing angle 0 

X Ray Bragg designed an X Ray spectrometer. This 
Spectrometer -g exactly analogous to an ordinary optical 
spectrometer. The collimator of the ordinary spectrometer 
is here replaced by two narrow slits Si and Si through which 
passes a narrow beam of X Rays generated by the X Ray bulb 

f f " 

« It is tacitly osBumed here ibot the ray AB proceeds undeviated Into 
the crystal along BD, i.e, the refractive index of the crystal for X Ray* 
is equal to unity ; in that case the path BD in the crystal is equivalent 
to an equal path in air. Lhter by more accurate measurement it was 
cfftablishcd that the refractive index of a crystal for X Rays is slightly 
kss than unity and X Rays are actually refracted into the crystal away 
from the normal. 
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This narrow beam is incident on the crystal face C placed 
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the prism table. The telescope of the optical spectrometer 
replaced by an ionisation chamber. Just before the 
lisation chamber there is a third slit S3 which prevents any 
ttered radiation from entering the ionisation chamber, 
e ionisatioi chamber and the slit S3 arc carried by a handle 
ich rotates about the centre of the prism table. As the 
lisation chamber is to receive X Rays reflected by the crystal 
e C it is obvious that as the crystal is rotated through « cer- 
n angle the ionisation chamber is also to be rotated through 
Lce the ai gle. When X Rays are reflected by the crystal face 
y enter the ionisation chamber. An ionisation current is 
‘reby produced and the quadrant elec.rpmeter E shows 
lection. These deflections are measured for difi'erent glancing 
gles According to Bragg’s Law for a particular wavelength k 
Rays should be reflected for glancing angles dj, and d* 
^en by 2d sin — 2d sin 6f°2k and 2d sin 03=*3A.. Hence 
i ' sin 63 : sin 83 should be equal to I : 2 : S. Actually 
len the angles and 63 were measured this relation 

s found to be true. Thus Bragg’s Law w.as verified.' 
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grams of radium. As a recognitioti of this they along with 
Becquerel had the honour of receiving the Nobel Prize in 
Physics in 1904*. 

Later on a host of other radio-active substances was 
gradually discovered — Thorium, Ionium, Samarium (a rare 
earth discovered in 1933 by Hevesy), Actinium etc. etc. 

It was gradually established that the 

Art 215 

Conrtant* of emission of these rays is a spontaneous 
radlo>act}ve phenomenon. Strongest heat— enough to melt 
any element, intense cold — sufficient to freeze 
any substance, strong electric and magnetic fields, very high 
and very low pressures — all these were found to have no effect 
on the emission of these rays. As it was believed that these 
physical charges cannot produce any effect on the nucleii of 
atoms it was' concluded that this emission must be due to the 
breaking up of the nucleii of atoms of radio-active'substances. 

Clearly the nucled of all atoms present in a radio-active 
substance do not break up simultaneously or otherwise any 
radio-active substance would dis*integrate in no time, *.«. the 
rate of breaking up of the atoms cannot be infinitely large. 
It is reasonable to assume that at any instant this rate is 
proportional to the total number of atoms actually present 
tt that instant. Thus if N be the number of atoms present at 

dN 

any instant the rate of breaking up, ». c. — is proportional 
to N. 


Thus [The minus sign is added to indicate 

that N decreases with time t ]. 

„ dNr 

dt where .? is a constant known as the 

disintegration or decay constant. 

Integrating log.N=-^t + C where C is the constant of 
integration. 


InlSli'Mtdam Curie tras awarded the Nobel Prize a second 
time— Ibis time in Chennstry, the only instance hitherto of a second 
award. Pierre Carle had died prior to this by an accident. 


4S0 


If No be the number of atoms initially present, ». t. if 
N—No at ^“0 V7e have C*=log(i No. 

Hence log,N <=’ —Xt-i- log* No. 

-Xt 


Or 




N“No 6 


This equation shows that N becomes zero, i.e^ complete 
disintegration takes place only after infinite time. The time 
in which N decreases to half the original value is knovjn as 

Half period. If T be this half period we have ^^No e 


or 


2 = fl 


XT 


log*2 0*693 
’ X ^ X 


Thus T is inversely proportional to X ; it is also therefore a 
constant for a given radio active substance. For radium T 
is 1590 years while for Radon (a radio-active gas) T is only 
3*8 days 

A third constant known as the mean life of a radio-active 
substance is defined to be the ratio of the total life time of . 
all the radio-active atoms (of a substance) to the total number 
of all such atoms. It can be determined as follows ; — 

We know -XN. Leaving out the minus sign which 
at 

only signifies that N decreases with time t, we have 
dN-=XNdC“XNoe~'^^d<, These dN atoms disintegrate in time 


dt afl^ the lapse of time t, i.e. they have had a life time t 
before they are disintegrated. Hence the total life time of 
these tZN atoms is equal to tdN. Now the initial No atoms 
disintegrate gradually until after infinite time all of them 
are disintegrated. Or, in other words, all these atoms have 
life times ranging from 0 to C30. Hence total life time of all 


these atoms i 


/ CO 
(dN. 


Hence mean life r is given by 
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r 

"“Vo" ie-^'di 

0 0 • 0 

The first tern' ■within the third brsckct is zero for both the 
limits. Hence, finalh' 



Thus the mean life t turns out to be the reciprocal of X. 
Since T**--^— T“0‘693 The mean life of radium 

A 

is therefore years, and that of radon is 

“S'Sdays. 

Art 216 Properties of these radio active rays were at 
first studied by the usual magnetic deflection. For this 
purpose different radio-acth’e substances were taken in a 
small lead bos provided ■with a narrow mica window at the 



Fig. 28s 


top, so that the rays emitted by the substances in different 
angular directions were absorbed by thick lead walls on all 
sides and could pass out of the box only when they were 
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emilted vertically upwards through the mica window. When a 
strong magnetic field was applied perpendicular' to the path 
of these rays, the rays were found to be split up into three 
portions. One portion was deflected to one side to a small 
extent, another portion was deviated to the other side to a 
much larger extent while a third portion passed outt undevia- 
ted. These three were called a rays, j8 rays and 7 rays. 

We shall first discuss the nature and property of a rays. 
From the direction of deflection by the magnetic field it 
was obvious that a rays consisted of positively 
Art 217 charged particles They were also found to 
a rays deflected by an electric field. By measuring 

the deflections in the two cases the value 
E 

of — for the a particle was determined. It was noticed 
E 

that-—- for ® particle was almost exactly half that of a hydro- 
M. 

gen atom in electrolysis. [ Vide Art 12i equotion'(44) ] 

(H-KH 


The charge on the particle was also later on measured* 
and was found to be equal to two electronic charges, «. «. 
E was equal to 2E . It was therefore concluded M “4M . 


Thus a rays consist of positively charged particles of mass 
equal to four times that of a hydrogen atom 
^a*ray$***^ and of charge numerically equal to two 
electronic charges. What is therefore the 
nature of an a particle ? 

We have seen that a helium atom consists of a positively 
charged nucleus surrounded by two electrons rotating 
round the nucleus. The nucleus itself consists of two 
protons and two neutrons. The mass of the nucleus is there- 
fore equal to four times that of a hydrogen atom and the 
charge on the nucleus is twice that of an electron. Can it be 


o , Vide Art 219 



453 


therefore that an a particle is identical with the nucleus of a 
He atom ? 

This point was satisfactorily settled by; the simple but 
beautiful experiment of Rutherford. A glass tube A was 
fused into another glass tube B in which two electrodes were 
fitted. Both A and B were evacuated as completely as 
possible, A speck of radium was placed on the top of a wire 
placed in A. The portion of A mthin B was made of very 
thin glass through which « particles from radium could pass 
and enter the tube B. An. electric discharge was passed 



between the electrodes in B. It was expected that if « particles 
were identical with He nucleus, they would, on coming to B, 
capture electrons produced . by the electric discharge; and 
would . form He gas. In that case the spectrum of ;He was 
expected to be ■ produced . by the . discharge. Actually, after a 
few hours the brightest lines of He appeared in the spectrum 
and after, a feW days all the lines of He ,wcre ^produced. It 
was . thus conclusively established that “ particleswere nothing 
but nucleii of He. The fact that in nature radio-active minerals 
always contain He gas in their cavities, also lead to the same 
conclusion, vis , He gas is a product of radio-activity. , . 

, The Geiger Muller counter is ' a 'very 

Art zio ft? • ». ’ f • • 

Geiger Counter efficient apparatus for counting indmdnal 

■' particles that enter a chamber. Tt was first 
devised by Rutherford and Geiger in 1908 and later in 1928 
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it was brought to perfection by Geiger and Muller, It is now 
extensively used for counting a particles, (i particles, 
neutrons, protons and for detecting the presence of various 

other rays. Essentially it 
consists of a metal tube T 
closed at two ends by ebonite 
plugs. Along the axis of this 
tube there is- placed a very 
fine wire P usually made of 
tungsten. It passes out of 
the tube through one of the 
ebonite plugs. There is a circular opening in the other plug, 
the opening being however closed usually by an alumininm 
screen. This serves as the window W through which 
the rays enter the tube. The tube is first completely 
exhausted and is then filled with some suitable gas, e. g. air, 
hydrogen, argon or a mixture of these at some chosen pres- 
sure, A high tension battery is connected between the wire 
P and the tube T. The E. M. F is just short bf sparking 
voltage so that ordinarily there Is no discharge between the 
wire P and the tube T. A single « particle however, as it 
enters the tube through the aluminium window W, produces 
ionisation within the tube ; as a resnlt a discharge takes place 
between P and T.‘ This may be detected by having a suitable 
instrument, such as a headphone or a galvanometer (G) placed 
in the circuit. It is essential that this discharge should not 
become permanent ; it must be quickly and automatically 
extinguished. This is achieved by having a high leak resis- 
tance E in series with Ine battery. This being connected to 
the Earth electric charges generated by ionisation within the 
counter quickly pass on to the Earth and the counter is ready 
to detect the arrival of a fresh particle. The counter thus 
behaves as an automatic "rifle which is fired by the trigger 
action of an itfcoming particle and which quickly resets 
itself for further use. 

For detecting heavy particles, such as protons, or a 
particles the gas within is at atmospheric pressure. If V 



Pig. 288 
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rays are to be detected the window is done sway with and the 
tube is closed on all sides. The tube itself having- fairly 
thick walls (l to 3 mm), with the arrival of T rays secondary 
electrons emitted from the walls of the tube cause the 
discharge to take place. For the detection of neutrons the 
counter is filled with hydrogen. The protons liberated by 
the collision of neutrons, produce the necessary ‘trigger’ 
action. 


Art 219 

Properties of 


It was observed that a particles when, 
incident on a zinc ■ blende screen produce 
“ finorescence. • When examined by a low 

power microscope the fluorescence is found to be disconti- 
nuous *, individual scintillations can be seen. - This provides 
a visual evidence that rays consist of discrete particles. 
Counting the number of sciatilJations in a definite time over a 

small area AB placed at =a known 
distance from a radio-active source 
. S it is possible to have an estimate 
of the number of « particle that 
are emitted per sec per unit" solid, 
angle by the source. Afterwards 
the . screen AB is , replaced by a 
metallic plate . connected to an electrometer and the , total 


s<. 


Fig. 289 


charge received by the plate, in the same time is measured. 
From the previous experiment the number of « particles 
coming to the plate in a given , time being known the charge 
of a single « particle is determined. , . 


« rays have also the power of affecting photographic plates. 
The presence of o rays at any place can therefore :be readily 
detected by placing a photographic plate in the path of the 
■rays. \ _ 

When o particles pass through a substance they knock 
off electrons from the atoms lying along their paths, t.e. « 
particles have the power of ionising the atoms. When « 
particles pass through a gas the path is almost a straight line. 
The mass of a particles being very large in comparison to 
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that of an electron a particles are not deviated at all when 
they knock offelectrons from the atoms. On rare occasions 

however a particles may collide with “ 
the comparatively massive nncleii of the 
• atom. In that case the a particles may 
be deviated from their paths. Such 
deviation may in some cases be even 
greater than 90°. As a matter of fact this 
led Rntherford to the conception of the 
nnclear atom model [ Vide Art 197 ]. 2SCI 

A peculiar property of a rays is that when they pas'^ 
through a gas they are stopped abruptly after a certain 
critical distance known as the range of a particles. Beyond 
this distance all the three properties of « rays, viz , ionising 
power, fluorescent effect and photographic effect disappear 
simultaneously. This discovery was made in 1904’br Bragg 
and Kleeman. 


Art 220 
P rays 


By the usual method of electric and 
magnetic deflections, - for P ray particle 

771 

was determined. It was found to be the same as that of an 
electron. The direction of deflection of P rays in the magnetic 
or electric field, showed that they must be negatively charged 
^particles. It was therefore established that P rays are 
nothing but cathode rays or electrons. The only characteristic 
that distinguishes them from an electron obtained otherwise, 
is the tremendous velocity which they usually possess. This 
Velocity is comparable to the velocity of light,' sometimes 
approaching the latter to within 98% of its value. 

Variation of known on theoretical grounds that 

mass with the mass of a charged particle vanes with 
^ velocity and one of the relations as stated 
by Borentz, is 


where M^*“ rest-mass, t. c.7iaass of the particle when tne 
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velocity is small or nil, Mv^mass of the particle with velocity 
V RndP’=‘-~, C being the velocity of light. 

c 

Bucherer and other experimenters devised beautiful 
experiments with these P raysj which fully demonstrated the 
correctness of this relation/ 

P rays also produce scintillations on the zinc blende screen 
but to a much lesser extent than a rays. P rays afiFect the 
photographic plate and can ionise air. It may be noted that 
P rays being lighter particles, they are deviated by a magsetic 
field, much more than “ rays which consist of much heavier* 
particles. 


Unlike « rays or P rays, r rays are not 
deflected either by a magnetic field or by 
an electric field- They cannot therefore be 
streams of charged particles. It was gradually established 
that y rays are electromagnetic waves, i.e. they are of the 
same nature as Light or X Rays from which they differ only 
in their much shorter wavelength. Light in the visible 
region extends roughly from about 4xi0”^cms. to about 
8x10“^ cms. The wavelength of X Rays approximately 
lies in the region of 10“* cm to 10~® cm. The wavelength 
of y rays, . although overlapping somewhat with that of 
X Rays, is usually much smaller, it extends from I0~* cm. 
to cms. 


P rays bear to V rays exactly the same relation as the 
cathode rays bear to X rays. X rays are produced by the 
bombaidmcnt of cathode rays on the anticathode. Similarly 
P tars which are emitted deep within a solid radio*active 
substance — while tending to come out of the solid — strike 
against the substance itself ; 7 rays are thereby produced by 
the impact of /I rays on the radio-active substance. As we 
have seen P rays possess greater velocity and hence greater 


» The iatS8 of a /3 ray particle is of that of a hydrogen atom 
where as an a tAj particle is four times as heavy as a hydrogen atom. 
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kinetic energy than cathode rays. Their impact therefore 
produces radiations of greater energy, i.e. of greater frequency 
and hence of smaller wavelength. Thus 7 rays have wave- 
lengths much smaller than those of X ’ Xays. This also 
explains the significant fact that while a rays alone are 
emitted by some substances, ^ rays and 7 rays are always 
found to be associated with each other, t.o. substances which 
emit ^ rays also produce 7 rays. 

Art 221 (a) 

Transformation by Radioactive rays from radio- 

radioactive emission active substances arc emitted with 
such large velocities that they must be assumed to be coming 
out of the nuclei of the atoms. Naturally the question arises 
whether by such emission any change is produced in the struc- 
ture of the nuclei and hence of the atoms. One difficulty how- 
ever has to be faced immediatelj'. It is well known that the 
nucleus of an atom contains only protons and neutrons. How 
is it then that p rays (which are nothing but electrons) come 
out of the nucleus? For a long time this was a pertinent question. 
Ultimately, however, it has been established that a neutron 
(which is a neutral particle) can break up into an electron and a 
proton. It is now believed that when a p particle comes out of 
the nucleus of an atom a neutron in the nucleus is transformed 
into a proton. Obviously, by this process the number of protons 
in the nucleus of the atoin increases by one. There being now 
an excess of protons, the atom becomes positively charged. If the 
atom captures one more electron in the outer orbits it becomes 
neutral; otherwise it behaves as an ionised atom. Anyway in (his 
modified atom since in the neutral state the number of electrons 
in the outer orbits increases by one, the atomic number of the 
new substance so formed must increase by one, i.e. the substance 
moves one step forward in the Periodic Table. Since the total 
number of protons and neutrons in the nucleus remains the same 
the atomic weight of the substance remains unchanged. The 
substance is a new one with the same atomic weight as betore 
but displaced one step forward in the Periodic Table. 

An a particle has been established to be nothing but the nu- 
cleus of a Helium atom. As is well known the nucleus of a He 
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aloni contains t\so protons and two neutrons. With the emis- 
sion of an tt particle from the nucleus of a radioactive substance 
the nucleus therefore loses two protons and two neutrons- The 
atomic weight of the new substance is therefore diminished by 
four. Again, as the nucleus loses two protons, two electrons in 
the outer orbits must also become detached from the atom. As 
a result the atomic number of the substance must decrease by 
two. The transformed substance is therefore a new one with its 
atomic weight less than that of the original one by four and 
displaced two places backward in the Periodic Table. 

The original substance and the transformed substance are 
both elements. Thus we have here a case of transformation of 
elements by radioactive emission. 

Gamma rays arc, as is well known, nothing but electromag- 
netic waves of the same nature as that of visible light. These 
rays do not really come from the nucleus of any atom. But, as 
has been explained in the previous article they are generated 
by the impact of p particles (generated W'cll within a radioactive 
substance) on the radioactive substance itself. As a matter of 
fact when P particles are stopped by the impact the enormous 
kinetic energy of these high speed particles is converted .into 
electromagnetic waves known as Gamma rays. The question of 
transformation of any atom by the emission of Gamma rays 
does not therefore arise at all. 

Thus uranium of atomic weight 92 and atomic number 238 
emits K rays and is converted into Ur.nnium Xi of atomic weight 
234 and atomic number 90; Uranium X, again emits ^ rays, the 
new element so formed being Uranium Xa of atomic weight 234 
and atomic number 91. Symbolically this can be stated as 

> SJlUXiSO 234UX.91 

« p 

The process of transformation docs not stop at UraniumXa; 
it continues and the last product of this Uranium series is a 
stable substance Lead (or Radium G) of atomic weight 206 
and atomic number 82. There arc three more radioactive 
series— those of Actinium, Thorium and Neptunium. The end 
product of the first of the above three series is also Lead for 
Actinium D) of atomic weight 207 and atomic number 82: 
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while that of the second series is also Lead (or Thorium D) of 
atomic weight 208 and atomic number. 82. Thus there are three 
varieties of Lead, end products of the three series— Uranium, 
Actinium and Thorium. They are the isotopes of Lead. The end 
product of Neptunium series however is. Bismuth, of atomic 
weight 209 and atomic number 83. 


Exercise XXI 

1. Desoelbe an X Bay tuba .pointing ont the importance of 
its differants parts. 

2. "What is B Coolidge tube ? In whiat .way is it different 
from an ordinary X Say -tube 7 

■ i' 3. Explain .briefly how. X Eays have been . identified with 
waves In ether..' In what way. is it different from, ordinary 
'light? ■ ■ ■ 

4. What are soft X Eays and hard' X Bays ?. How. do 
they differ from each other 7 On- what does the softness or 
hardness of X Bays depend 7 

6. What' are radio-active subetanoes 7 Name some of 
them. 

' 6., What are BsegnersI rays and what is meant by activity 
of Beoquersl rays. . . 

7. . -Describe briefly how Badium.waB discovered. 

8. How has it been estabJisbed that usually three Linds of 
rays come out of a radio-active isubstance. 

' 9. How has it been established that a rays are nothing 

but nuoleii of He atoms 7 

10. What are./l rays?. -In what: way they are different 

from cathode rays 7 ■ ‘ ' 

11. rays bear to r rays exactly; the same relation as 

cathode rays bear to X'Eays. Justify this statement.. 
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C, U. Questions 

1963. Write short notes on Properties of «, P »nd j rays. 

1966, 1974, yrhat are the different oharaoteristio 

properties of a particles ? How would you show that « particles 
are helium nucleii ? 

1967. (1) Describe a modern X Bay tube with a neat 
diagram and explain how X Bays ate. produced. What are the 
characteristic properties of X Bays ? Explain what is meant 
by hard X Bays. 

(2) Give an account of the properties of radiations emitted 
by radio-active substances. Explain what is meant by the 
half period life of a radio-active substance, 

1969. Write notes on (a) Coolidge tube for producing X-Rays 
and (b) Properties of ^-rays and y-rays. 

1970. Explain how it has been experimentally demonstrated 
that a particles are nuclei of He atoms. 

1971. Describe a modern X Ray tube for the production of 
X Rays, Discuss the important characteristics of X Rays. 

1972. Discuss the properties of alpha and beta particles. 
How docs the structure of nucleus change due to the emission 
of either of these particles? 

1975. (1) Describe some modern X Ray tube. Give reasons 
to justify the conclusion that X Rays are essentially of the 
same nature as visible light. 

Cite two uses of X Rays. 

(2) Which particles are constituents of the nucleus of an 
atom? How do the atomic number and atomic weight change 
when a nucleus emits (i) «, (ff) p or {ili) y rays ? 

What do you mean by the half life of a radio-active element? 
What is its importance ? 



CHAPTER XXn 

ELECTRONICS AND WTEELESS TEANSMISSION 


Electronics, a branch of physics, has come to play a very 


Art 222 
Work function 


important part in modem times, not only in 
pure physics but also in engineering and 


and thermionic 
emission 


industry. As is well known there are always 
free electrons within a metal. These electrons 


move within the metal like molecules of a gas with different 


velocities and hence with different energies ; the mazimnm 


energy possessed by an electron depends on the temperature. 
At absolute zero the maximum energy Wf is known as Eermi 
level. As the temperature rises this maximum energy also 
increases. For every metal there is again an energy Wrf 
(known as potential barrier) which must be exceeded before 
an electron can go out of the metal surface. Or, in other 
words, at any temperature if the maximum energy be greater 
than Wd some of the electrons having energy greater than V/d 
are emitted from the metal surface. The difference W(I~Wp 



Fig. 291 

is known as the Work Fnnetion In Fig. 291 E represents 
the energy o! an electron and the number of electrons 

possessing the energy E. So long as the maximum energy 
is less than Wd no electron comes out of the surface of the 
metal. If the temperature be increased so that the maxunnm 
energy is represented by a point A beyond Wd the electrons 
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possessing energies represented by points between Wd and A 
have the chance to leave the metal surface. Thus if the 
temperature oi a metallic wire be sufficiently high there is a 
copious supply of electrons from the wire. Electrons obtained 
in this way are known as tbermions. Unlike cathode rays 
these thermions have initially very small velocities but they 
can be speeded up to any desired extent by a suitable potential 
gradient. 


Art 223 
Diode 


In a Diode a metallic filament (sometimes called a cathode) 
is strongly heated by an electric current drawn 
from a small battery of low voltage Ei 
(usually 2 to 8 volts) known as low tension 
(L. T.) battery. A metallic plate P known as anode is placed 

in the neighbourhood of the fila- 
ment and is maintained at some 
high positive potential with respect 
to the filament by a battery of fairly 
high voltage Ea (usually 80 to 200 
volts) known as high tension (H. T.) 
battery. The electrons emitted by 
the heated filament are attracted by 
the anode and there is a flow of' 
electrons from the filament to the 
anode, *. e. a negative current flows 
from the filament to the anode. This is equivalent to a positive 
currentT—known as plate current or anode current — from the 
anode to the filament. The filament and the anode are enclosed 
in a glass bulb which is ordinarily completely evacuated. 



Art 224 

Cathode poten 
tial and space 
charge 

emission of 
from the zero 


Let the potential V at a point betv/een the 
cathode and the anode be plotted against the 
distance x of the point from the cathode. 
When the cathode is cold there is negligible 
electrons and the potential varies linearly 
at the cathode C to Et at the anode. 


If the cathode temperature be raised there is some emi- 
ssion of electrons which move towards the anode under the 
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action of the electric field. Dne to presence of electrons 
in spact between the cathode and the anode the field 
strength near the cathode is reduced and the potential di'tribtj. 



FJg. 293(fl) ■ Fip- 2S3f,t) 

tion now takes the shape ns in Fig 293(i). The cathode and 
the anode potentials, of course, retain their prerjous values. 

As the temperature of the cathode is graduallj- roi.'cd. 
producing increased emission of eketrons the potentiol 
near the cathode continues to fall. Ultimatclr this 



Fig. 293(c) 293V) 

may be zero [ Fig. 293(c) 3 or even negative ( Ftg, 
293(d) 3. In the latter case the potential at *omc 
P between the cathode and the anode is minimum and is 
cegttive. At this point there exists in space an acct.mul-.-on 
of some electrons. The cloud of electrons accnoulatfd there 
is neither attracted towards the anode nor repelled tov.sr 
the cathode. This clond is known as Space cfearfe- 0.. o..c 
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side of the point P the electrons are attracted towards the 
anode whereas on the other side the electrons are repelled 
towards the cathode. For an electron to reach the anode it 
ojdst start from the cathode with a snfficiently high velocity so 
as to be able to pass through the region of the retarding field 
cansedby thespace charge. Electrons emitted with less velocities 
are brought to rest before P ; they then return to the cathode. 
The strength of the anode current is therefore limited by the 
space charge and is called space charge limited current. The 

value of this current was first derived by Child and is given 
8 / , - 

by “ where A is a constant for the valve and Va. is 

the anode voltage. This relation is known as “Child’s 
Law’’ or Three Halves Power equation” or “Langmuir’s 
equation." When however the emission is small as in 
Pig 293 (b) the field .^strength near cathode, although 
reduced, is accelerating and all the electrons emitted from the 
cathode reach the anode. Under these conditions the anode 
current is determined by the cathode temperature only and is 
known as temperatare limited current. In this’ case the 

— hlT^' 

current is given by Bichardson’s equation »j^’*AT*e - . where 

T is the absolute temperature of the cathode, A is an absolute 
constant and b is equal to 4>lK where ^ is the work function of 
the metal and Eis Boltzmann’s constant. The limiting case 
between temperature limitation, and space charge limitation is 
shown in Fig 293 (c). ' ‘ ,, ' , . . . 

Sometimes the diode is filled, with some 
Gas Diodes 885 which does not combine either, xvith the 
anode or with the cathode. Fig -294 shows 
the anode current in a diode which has an oxide coated 
cathode and in which there is some mercury vaponr. As the 
voltage of the anode is gradually increased from zero 

the anode current at first rises slowly ; when .Y reaches the 
value of about 10 volts the current is 1 w,A. IfV be 
increased slightly beyond 10 V the current suddenly rises at 
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an enormons rate and a glow appears inside the diode. As the 


electrons are speeded rip 



to a fairly large velocity, after 
successive collisions the atoms 
of the gas begin to be ionised. 
The glow is due to this ionisa- 
tion of gas molecules. This 
takes place at some distance 
from the cathode. Beyond this 
there is neutralisation of space 
charge by the positive ions and 
the potential becomep practi- 
cally constant. The potential 
variation between the cathode 


and the anode is shown in 
Fig 295. Practically all the 
voltage drop across the diode 
occurs in a short region CP. 
The region CP round the 
cathode is known as the 
positive ion sheath. The region 
P to A where the voltage is 
nearly constant is known as 
Plasma. 



Art 226 diode Is nowadays extensively used 

Diode as a in rectifying alternating currents. In Fig 296 
rectifier p p g^odc and the filament in the 

diode valve. The filament is heated to incandescence by a 



Fig. 296 


low tension battery. AB and 
CD are two coils forming the 
primary and the secondary of a 
transformer. The A.C. current 
to be rectified is passed through 
the primary AB. Due to this 
an alternating potential differ- 
ence is generated between the 
terminals of the secondary 
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CD. As C 5s connected to P and D to F the anode P Utomes 
alternately positive and negative with respect to F- When P 
is positive there is a flow of electrons from the filament to the 
anode, i. e. there is a negative carrent from F to P and hence 
a positive current from P to F within the valve. Obviously 
this current flows from F to P outside the valve and passes 
through the external resistance R included in the circuit. 
When P is negative there is no flow of electrons from F to F 
and consequently there is no current through R. Thus an 
intermittent current— but always in the same direction— passes 



Fig. 297 (o) Fig. 297 (6) 

through R. The alternating current through AB may be 
represented by the curve in Fig 297 (o) ; whereas the current 
through R is as shown in Fig 297 (h). Obviously the upper 
half of the A. C. supply produces the corresponding current 
in R but no current is produced in R by the lower half of the 
A C. .supply. Such rectification is known as Saif Wave 
BectiUcaiion. 

Full Wave Beetificaiicn may be produced by having two 
diodes. Thus in Fig 298 the terminals C and D of the 
secondary arc respectively connected to the anodes Pi and 
Pi of the two valves Vi and Vj. The mid point O of CD is 
joined to the filaments through the external resistance R. 
The filaments arc as usual heated to incandescence by 
a low tension battery (not shownin tbediagram). When the 
primary AB is connected to the A.O. supply the terminals 
C and D of the secondary become elteraately positive and 
negative with respect to each other. "When 0 is positive with 
respect to D the point O — ^tbe mid point of CD— becomes nega* 



468 


tive with respect to C bet positive with respect to D. Thus in 
the valve Vi .Pi is positive with respect to Fi bat in the valve 

.V* P* is negative with 
respect to F*. Hence 
there , is ia flow of 
electrons in Vi but 
not in y*. We say, 
, that, the valve Vi is 
^.conducting and the 
valve , y* , is non- 
conductlngAfter halfa 
cycle when D becomes 
positive with 

respect to C the effect 

j ' 

isreversed, *. e. the valve V* becomes conducting and the valve 
Vi non-conducting. This goes on alternately. Now from 
Fig 298 it is obvious that whichever valve is conductingi due 
to flow of electrons there is always a positive current flowing 
through the resistance E in the direction indicated by the 
arrows If the alternating current be- represented by the 




Fig. 299 (o) , . .-Fig* 299(6) 

curve in Fig 299 (a) the current, through R i? now of the 
form ,as shown in Fig 299,(6).,, Thus we get midircctional 
current for both halves of the A. C. supply. This rectificyion 

is known as Full wave rectification. 

-Instead of having two separate diodes we may have a 
single diode with two anodes. Thus in the valve V [yide Fig 

300] the anodes Pi - and Ps- are respectively connected to the 

two terminals C andiD of the secondary CD. The mid point 
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0 of OD is comiected to the filament F throtgh the external 
resistance R. As the A. 0. snpply 
is applied to the primary AB the 
anodes Pi and Pt become alter- 
nately positive and negative with 
respect to the filament F. Hence 
flow of electrons takes place alter- 
nately to Pi and Pi. In each case 
however a positive cnrrent flows 
through R in the direction indi- 
cated by the arrow. Such a diode 
with two anodes is known as Du- 
diode. Foil wave rectification may 
thus be obtained with the help of a Dn-diode. 

It is seen from Fig 299 (b) that the current throngh R, 
although unidirectional, is not of uniform strength. . The 
carrent may however be smoothed down by using a suitable 
choke in series and a condenser of required capacity in parallel 
with the resistance R. 

Let us now suppose that a wire gauze 
or a wire netting (technically know as a grid) 
is placed* between the plate and the filament- 
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Art 227 
Triode and 
Itn conitanti 


The valve is now called a tri- 
ode, or a three electrode valve 
because it contains three 
electrodes, viz, the filament, 
the grid and the plate. Elect- 
rons from the filament F have 
got to pass through the meshes 
of the grid G before they can 
reach the plate P. The grid 
being nearer the filament it is 
evident that a small potential 
applied to the grid consi- 
derably modifies the motion 


T 



Fig SOI 


- • The grid is usoally a cylinder of -wire netting snrronnding the 
hlamcni and the plate is another cylinder snrronnding the grid. 
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of the electrons and therefore produces a corresponding 

change in the anode current. The anode current i is thus 

A 

a function of two variables—the plate voltage V and the grid 

A 

voltage V . Mathematically » -/(V . V^). Obviously if we 
^ A A G 

keep the grid voltage "V constant we can vary i by varying 

V . The family of curves so obtained corresponding to different 

A 

constant values of V are 
G 

known as Anode characteris. 
tic curves. These are shown 
in Fig. 302. Similarly if 
we keep the plate voltage 

V constant ,we can also 

vary t by changing V . 

^ ^ Fig. 802 

The family of curves so 

obtained for different values of are known as mutual 




V6 

Fig. 308 


characteristic corves. 
These arc shown in 
Fig. 303. It 'will be 
seen that>each of the 
mutual characteristic 
curves consists of a 
straight 'line in the 
middle together, with 
two bends at the .two 


ends. When the grid voltage is sufBciently high the. curve 
becomes a straight line parallel to the axis and the current 


is then maximum. The valve is "usually worked at some 
particular point of a characteristic curve, the point being 
chosen either on the straight line portion or on the bending 
portion — the choice of the point depends on the purpose for 
which the valve is to be used^ Obviously the point is deter- 
mined by applying the corresponding voltages and V^* 
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When the valve is actually used vreaie concerned not so much 
with the actual values cf V , or *' but with the changes 

of these three variables. Writing V for the small change 

c 

SV . V for 5V and i for 5* we may now define the three 

Kg G a A 

constants of the valve. 

If we keep V constant and if we obtain a change 
G 




in the anode current corre.sponding to the change 
in the anode voltage we define the first constant 
“B {internal resistance or anode slope 


'V •’const * 
a G 


resistance of the valve). 

Similarly if the anode voltage V is kept constant and if 

A 

a change in the anode currentbe produced by a changc- 


e 

as 


0 


in the grid voltage we obtain the second constant 
—Pn (Mutual conductance of the valve). 


V “const 
* A 

Lastly if » be kept constant the ratio V to V is known 

A a g 

as voltage amplification factor. Hence the third constant is 


defined as / 




’/t (amplification factor). 


e. “const 

A 


Now since » —/ 
A 


(v\) 


we have 
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>8* . Y y St > - 

*a"(sv') .‘*''a,'^(sv“) 

Ay ^ Gy 


1 


R, 


— • c2V +Pm • iV, 


' ' ^ • . J't 'i 

We may also arrange in such a way that the plate current 

remains unaltered. I'.e. W - 0 . 'tfehce rp dV +p^'dV -0 

A K.J A G 



’* “ Cm ... (68) 

• Again since “/t we.have 'Va «=*/tVy t. e. the change Vp 

V;7 . 

in , the grid voltage is equivalent to the change / jV^ in the 
anode voltage. ' ' • 


Art 228 .I.et us . now.conside'r two mutual characteristic 



curves for anode voltages 

V and V -fV . Consider a 

__ A , A, c . 

point B for which the grid 
voltage is V and .the anode 
current is i for the anode 

voltage V . Let the grid 

A ■ ■ 

voitage change to V +Vf so 
that the point moves to D. 
Hence BC^ Vj, Since BD is 
small. 


Fig. 304 
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CD r CTiatige in anode cgrreat l 
SC^LChaage in grid voltage Jy 


/. CD-po. Vff. 

Also along DE grid voltage is constant. Hence 
o». 


DE 




Ya 


Since 


CE-CD'4-DE' 

■ 


(69) 


Art 229 
Tetrode 



-Fig.-SOH. 


In a triode .the. anode , not only acts as the 
collector, of electron cnrrent ' hnt also <»ntro2s 
the strength of the; cnrrent. . ■ It is possible to 
separate the tvro .■ fnnctions . by. ■ introducing a . second grid 
between the original grid and the anode. . .The" * ; , 
original grid Gi is now called the control grid 
and the new grid Ga is known as the -screen " 
grid. This screen grid is maintained at some' 
positive potential. For a given valne of' the ; 
control grid voltage the presence of the screen 
grid helps in overcoming the effect of the 
space charge: the Sow of electrons leaving the'caUiode thns 
depends mainly . on the voltage" of the screen and very little on 
that of the anode. . • ■ ■ . 

Art 230 '• 'The electrons from" the fflament "as they 

Pentode reach the anode, strike the anode with fairly 

large velocities. This impact may cause secondary emission' 
‘of electrons from the" anode. In a triode the control ^d 
being negative all these secondary electrons emitted from “ the 
anode arc repelled by the grid -and are pulled back to the 
anode. " There is therefore no egect oh ' the anode- current. 
In a tetrode however the screen being at a positive potential 
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some of the secondary electrons from the anode may go to 
the screen thereby causing some reduction of the anode 
current. This effect can be eliminated by 

f thc insertion of a third grid Gs between the 
screen and the anode. This additional grid 
known as the suppressor grid is usually main- 
tained at zero potential, t. e. the potential of 
the cathode. When the screen and the anode 
JPig. 808 are at positive potentials the space within 
the meshes of the new grid is at a potential somewhat above 
zero. With this arrangement the field outside the anode — 
even with low anode voltage — is such that secondary electrons 
return to the anode. 

We shall see in the next few article that wireless trans- 
mission and reception depend mainly on the presence of the 
original grid, though' of course the screen grid and the 
suppressor grid are often used as practical improvements. 

Art 231 Wireless trahsmission, as the very name 

^ectr^*agnetlc implies, is transmission without any wire. 

waves message to be transmitted — music, speech 

or telegraphic code — is converted into electromagnetic* waves 
which propagate out into space. At the receiving station 
these waves are reconverted into sound and the message is 
received. There are thus two stages,— (l) transmission or 
generation of electromagnetic waves, and (2) reception or 
conversion of electromagnetic waves into sound. 

As early as the year 1863 Maxwell predicted on theoretical 
grounds that electromagnetic waves may be generated by 
rapid oscillations of electric potential . difference between the 
two terminals of a sparking plug. Thus in Fig 307 when 
the key is pressed making contact with the stud Si the 
condenser C is charged by the battery B. When the key is 
released by the action of the spring S, contact is made with 

• In snch waves puJscs of electric Btraines well as pnlses of mag- 
netic Btrain follow one another. That is why these waves arc called 
electromagnetic waves. 
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the stud Si and the condenser is discharged. In Arts 167 
and 159 we have seen that both charging and discharging 

of a condenser are oscillatory 
when the capacity C, the induc- 
tance L and the resistance R 
of the circuit satisfy the rela- 
tion R < 2 -vji. In wire- 

less circuits resistance is kept 
extremely low so that this 
relation is satisfied and the 
frequency of oscillation is 

[ Vide equation (59o), 

Art 157]* If a spark gap 6 is 
' placed' in parallel with the 
condenser [Fig 307] a high 
frequency alternating potential 
difference is produced ‘ at its two terminals ; electromagnetic 
waves are therefore generated at each charge and again at each 
discharge of the condenser. Suitably altering the values of L 
and C this frequency may be made as large as is desired. 

Art 232 In 1888 Hertz first demonstrated experimentally 
,the existence of such waves. About the 'year 1895 Marconi 
discovered that if the sparking ping be replaced by a vertical 
wire known as aerial (supported by suitable masts) connected 
to the Earth considerable energy may be sent out to space as 
electromagnetic waves. It must however be clearly understood 
that in order that considerable energy is transmitted as electro- 
magnetic waves it is absolutely necessary that frequency of 
oscillations of clectric'potcntlal difference must be very high 
.—of the order of 10® or more per sec. Such frequency is 
known as Radio frequency (R. F.) 

Clearly a pulse of electromagnetic waves starts at the make 
and again another pulse at the break of the circuit. These 
pulses follow one another in space and they travel with the 
velocity of light. The interval between two successive pulses 
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obTiousIy depends on tbc freqnencey of making and breaking 
the circuit. This latter frequency is comparatively small and 



, Fig. 308 


1 

is known as Audio frequency (A. F,). Obviously this can be 
adjusted. 

Art 233 - come to the reception of eleclro- 

Reception of msBnetic Waves. This reception is exactly 

•electromagnet e analogous.to the case of resonance in sound. 
, waves 

■' ■ When a tunning fork vibrates it sends out 

waves in air. If in the neighbourhood there be a sonometer 
wire tuned to the same frequency we know that the wire 
responds, i. e. the wire begins to vibrate. Thus the vibration 
■Of a tuning fork generates waves in, air and these waves in 

their turn produce vibrations in a stretched wire tuned to the 

1 

same frequency. Exactly in a similar way electric oscillations 
In a circuit generate electromagnetic waves in space. These 
waves aye of the same frequency as that of oscillations in the 
transmitting circuit.. When these waves are incident on 
another circuit (receiving circuit) tuned to the same frequency 
the second circuit responds, i. e. .electric^ oscillations of the 
same frequency are generated in the receiving circuit. At the 
receiving station therefore we must have a circuit toned to the 
same frequency as that of the transmitting circuit. Since the 
frequency of a circuit — when resistance _is extremely small 

— is equal to — [Vide (59a) Art 157 ] it is clear that in 

Qvv'l.C 

both transmitting and receiving circuits the product LC must 
be the same. By altering the values of L and 0 the same 
receiving apparatus may be made to receive different wave- 
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leflgtbs.* This is wbot we call tuning: of a radio set to different 
■wavelengths. 

Art 334 electric oscillations generated in the 

Detection and circuit are of high freqnency (10* or more)— the 
Amplineatlon gg that in the transmitting station. Thia- 

frequency is too high to work an ordinary instrument such as 
a galvanometer,' a telephone or " a loudspeaker. These high 
frequency oscillations must therefore * be converted into low 
frequency before they can produce corresponding sound ; this 
conversion of high frequency into low freqnency is what is 
technically known as "detection’'. Again as energy spreads 
out in different directions from the transmitting station a very 
small amoant of energy comes to the receiving station and 
electric oscillations produced thereby are of srhall amplitude. 
These oscillations must also be- empHhed. Thhs two things 
arc necessary at the receiving station— detection and ampli* 
fication. ,With the help of_ crystals detection is possible. 
Certain crystals have got the property that they allow' cufrehts 
to flow through them in one direction only currents in ^ the 
reversed direction meet "with an infinite rwistance so that they’ 
are quenched or, destroyed.-. If therefore one such ; Crystal be 
included in the receiving circuit one half of electric oscilla- 
tions-is quenched and cuiTcnts are' made unidirectional "rhe 
way how a telephone also included in the Ciicuit responds to 
these currents may be understood from an examination of 
Fig, 309. Fig la) represents a , series of incoming waves. 

• At is -well kno'rrtt Wavelength and frequency are. connected by the 

relation •wavelength «=^^|^^^ i in the case of •wdrelcss transmiegion 

the yeloicity is the same , as that of light, yfe, 8 xto' “ . ems per sec; 
Hence a. wavelength of 800. metres, corresponds to a frequency of 

SOOx oscillations per sec. Bnt a kilocycle . Is lO^. oscillstions 

nnd a m'egacycIe-IO* osditations. Hence a ■wsveiength of 300 metres' 
is equivalent to a frequency of 1000 kilocycles or one megacycle per lec." 
Eimilarly a wavelength of SO metres corresponds Jo 10 megacycles per 
tec and to on, Frequencies ' alM may timilarly he: converted into 
corresponding Wavdengtht, ■ ' ■ ■ ■ ; 
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Freqaency of oscUIatioDS in each wave is very high, 10* or 
more ’(R. F.), whereas frequencies of waves following oue 
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another are comparatively lower— io® dr less (A. F.) ' When 
these waves arc incident on the receiving circuit they prince 
corresponding electric oscillations hnt dne to the crystal one 
half of oscillations is cut off so that they are now as shdwn'in 
FiK (i)- The ^lephone is unable to respond to the separate 
high frequency pulses in each half wave ; ' these' separate 
pulses jointly produce the saine effect as that of a 'unidirec- 
tional varying current i Pig. (c) 3. This vaiyingycorrcht of 
short duration, due to each- wave, produces a short sduiid in 
the telephone, i, e. a signal is produced, in the receiving, 
station. - . • " - - ; ■ 

A receJving.aet'using a crystal, for detection. is . known aa a crystal 
set. Crystals used, for this purpose are generally divided, into two 
classes (1) Catwhisker type] i.e. those which require a fine contact 
with a metal piece and (2) Perikdn type, ».e. those which require 
another crystal in contact with them. .Silicon, iron .pyrites, esrbornn- 
dum, galena etc. belong to the former class and Zincite, bornite, copper 
pyrites etc. are’ exatnples of the iattef. 1 Giilena'may be rired also as a 
perlkon. 

^or crystals of the fornjer. class the nafttre of .the me^l piece is of 
importance for the achierement of good resnUs, , Thus carbornndntn 
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and »ilikon work be*!! with steel, iron pyrites with gold, galena almost 
equally well with gold, copper or brass and so on, Por crystals of 
the Utter class also suitable combinations of crystals produce best 
results , thus Zincite works best with bornite, tellurinm with zincite and 
so on. 


Art 235 

Wireless 

Telegraphy 


The waves which we have discussed in 
the preceding articles are known as damped 
waves ; they are suitable for wireless tele- 
graphy. Clearly intervals between successive 


waves are the same as those between successive make and 


break of the transmitting circuit. As we have seen in the last 
article each wave producea a signal ( of very short duration ) 
in the receiving station. The interval between two successive 
signals is therefore the same as that between make and break 
of the transmitting circuit ; clearly this can be easily ndjnsted. 
We have thus a method of transmitting telegraphic message. 
A short interval is technically known as a dot and a long 
interval— usually three times as large ns a short interval — ^is 
whnt we call a dash. By combining dots with dashes various 
letters of the English alphabet can be signalised. Thus in 
Morse code 'A' is represented by . — , ‘B’ by — , ‘C’ by — . — . 

and so On. 


Thus ncrystsl set can detect high frequency oscillations but 
it can in no way amplify them. In the next few articles we 
shall sec that both detection and amplification are possible by 
means of trlodcs.* 


Art 236 At the receiving station elcctro-magnetic 

Detection waves arc incident on a tuned aerial circuit 
containing an inductance L and a variable condenser C 
producing thereby oscillating potential difference between 
the terminals of the inductance L. This inductance L being 
coupled with another coil N oscillating potential difference 
is produced between the terminals of N also. This is ultima- 
tely applied between the grid and the filament of a valve. 


• Recently another instrument known aa tranaiator fa coming Into 
aae. It ia gradually taking the place of the valve act. 
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Thus we may say lhat with the arrival of incoming waves an 
E.M.F. Eo sin pt is applied to the grid, This necessarily 

affects the anode enrrent. But as the freqnency — is verv 

high the resultant effect on 
the anode current due to one 
complete wave is practically 
nil. -To get some resultant 
effect it is necessary that a 
symmetric variation of grid 
voltage should produce a non- 
symmetric variation of the 
anode current so that the 
mean , value of the anode 
current when the E. M, F. 
applied to the grid is present, Fig. 310 

Is different from that when the E.M.F. is absent. This is 
what is known as ‘detection’ bj^e valve. 



Art 237 

Triode as a 
detector 


For the purpose of ‘detection^ a ivalve for 
which the bending portion of the mutual char- 
acteristic curve is prominent. Is used A point 
A' on the bending, portion is taken as the 


working point. Corresponding to this point a negative E.M.F. 



Fig. 311 


equal to OA [Fig 311] is 
applied to the grid by a battery 
El [ Fig 310 ] so that the anode 
current is reduced to AA*. Let 
this be denoted by Oo. With the 
arrival of the incoming waves 
the grid voltage changes by Vg 
^-Eo sin pt). The anode 


current may be represented .by 


a(i+oiVj+o*Vp®+ 


For 


all practical purposes very good approximation is obtained if 
We retain only the first three terms. Tins we may take . 


i •=ao+aiVe+a»Vp* 
A 
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V7ith the arrival of the incoming waves the anode current is 
given by 

— flo + Cl Eo sin p£ + ctEo® sin* pJ 
“flo + OiHo sin pi+iasEo* (1 - cos 2 pi) 

The current thus consists of two parts, firstly a high 
frequency component OiEo sin pt^i asEo* cos 2pt ;this has 
no resultant residue. Secondly there is the steady portion 
Oo+i c*Eo*. Of this the part ao was present when the signal 
waves were absent. Thus the net effect of a signal wave is 
i osEo*. Every time a pulse of high frequency wave is 
incident on the receiving aerial there is this resulting change 
in the anode current. If therefore a telephone T be included 
in the anode circuit [Fig 310j a short sound is thereby 
produced in the telephone. . Since pulses of waves follow 
one another at a rather low frequency [Fig 309 (a)] short 
sounds arc heard in the telephone at low frequency. As 
previously discussed in Art 235 intervals between successive 
sounds may be adjusted and thereby telegraphic messages 
may be sent. ' ' . 

It is to be noted that the resultant change in the anode 
current, viz., i aiEo* varies as the square of the E.M.F and 
so the detector valve acts more efficiently if strong rignals are 
received. We shall see in the next article that the strength 
of a signal may be amplified by a valve. This mayT>e done 
either before or after detection. When very 'weak signals are 
received it is advaUtageons, if they are first amplified in the 
high frequency stage, i. e. before detection. After detection 
they may be further amplified by successive valves; utliraately 
the signal becomes so strong that a loud-speaker may be used. 

We shall now discuss how a triode can 
Art23S amplify the- incoming signals. For this 
ampHRer purpose the valve for which the straight line 
portion of the mutual characteristic curve is 
prominent, is used. If B' be the centre of the straight line 
portion a negative E M.F. OB corresponding to fthe point 
B’ [Fig 312 (a)3 is applied to the grid by the battery Et (Grid 
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bins battery) [Fi^ 312 (6)]. The atiode current is therefore 
B'. With the arrival of signals the grid voltage fluctuates 
by an amount Vp. This change is equivalent to the change 



fiVg in the anode voltage [Art 227] where /u is the voltage 
amplification factor. Thus so far as changes in the anode 
current arc concerned we may 'suppose that the valve acts 
as a source of fluctuating potential The valve has also 
an effective- internal- resistance R„ - [Aft 227],' If R be the 
external resistance the whole of the anode-filament circuit 
may be represented ns in Fig 312 (c). As we are conceded 
only with changes in the voltage and in the current the battery 
is omitted in Fig 312 (o) The change in potential pVp 
produces a charge ig in the anode current. This is given 


by»^«j£L^. This in turn produces a change 5V in 
the potential drop across the resistance R given by 


where G 




t 


Thus the fluctuating potential Vg applied to the grid is 
amplified to the Bnctuntion GV„ between the terminals of R- 
This is available for application to the grid of the next 
valve. G is called the gain Of the amplifier for this stage. 
Obviously G is less than the amplification factor P- of the 
valve. If R be .sufficiently large G of course becomes very 

much the same as ft. In practice however R' is msde very 

u 

nearly equal to and in that case G=-~. . _ 
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to the terminals of R* responds to these oscillations. As will 
be seen the two valves are connected by the transformer 
Rj/R 2 . This sort of eonpling is known as transformer 
coupling. There are in reality three transformers in this 
circuit,— L/N, Ri/Ra and Ra/Ri, Usually ali of them ate 
step-up transformers and oscillations are magnified by them 
also. 

The terminals of R .4 instead of being connected to the 
telephone T may be connected through a suitable grid bias 
battery to the grid and the filament of another amplifier valve 
and further amplification may be produced. In this way by 
using a number of amplifier valves It is possible to amplify 
the oscillations to any desired extent. 

In actual practice oscillations generated by the incident 
waves are at least once amplified in the high frequency stage. 
They are then converted to low frequency by means of the 
detector valve. In this low frequency stage they are again 
amplified successively by two or more valves until the 
oscillations arc so strong that a loudspeaker may be satisfac- 
torily worked. 

The waves which we have so far discussed 
Art 240 afe damped waves. There is an interval 

Toleohony between two successive waves and naturally 

there is a corresponding interval between two 
sounds in _ the telephone produced by these waves. Such 
waves are suitable for wireless telegraphy hut not at all 
suitable for transmission of speech or music. For this latter 
purpose we require continuous waves. Speech or music 
produces waves in air ; they can be converted into electric 
oscillations But sound waves being of low frequency electric 
oscillations produced thereby are also of low frequency. Very 
little energy pan be transmitted into space as electromagnetic 
waves by such low frequency oscillations. Sound therefore 
cannot directly be converted into electromagnetic waves. 

A high, frequency continuous wave — known as a carrier 
wave’ — is therefore first generated at the transmitting station. 
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We shall see in the next few articles that sound waves modify 
this carrier wave and the modified carrier wave is received at 
the receiving stajion and sound is reproduced there. 

This carrier wave, t. e, high frequency 
Art 241 electromagnetic wave can he generated by a 
"^osclflator" triode. A pendulum may be set swinging by 
giving a blow to the bob. But due to air 
resistance and friction the swing gradually dies down and the 
pendulum ultimately comes to reat. The swinging however 
may be maintained indefinitely if suitable blov/s are given to 
the bob at the end of each oscillation, i. e. if suitable 
energy be supplied to the pendulum from an external 
source to make up for the loss. In a similar way in 
an electric circuit electric oscillations may be generated 
in a variety of ways. Such oscillations may be represented by 


Rf 

<• ^ 

i — i’o 6 ^ sin where R, h, C and t have their usual 

*v 

meanings. In an electric circuit R may be kept small but can 
never be made absolutely zero. The oscillation therefore 

Rf 

* ^ T 

dies down because of the factor e ^ . As will be seen below 
with the help of a triode valve it can be so arranged that the 
oscillation generates another E. M. F. by which the effect of 
the resistance R is annulled. L and N arc two Inductances 



coupled with each other with 
mutual inductance M. 0 is a 
variable condenser. Electric 
oscillations are somehow 
generated in the I/- 0 circuit. 
Due to these oscillations the 
grid voltage fluctuates. Small 
changes in the grid potential 


Fig.SK 

is connected to the anode 


cause large changes in the 
anode current. As the coil N 
through a condenser, by means of 
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the mutual inductance . M a Mittle of the energy of the anode 
circuit is fed back to the grid circuit so as to make up for the 
loss of the energy lost in the resistance E. This is equivalent 

to reducing the resistance by-^^ where ft is the voltage ampli- 

■ ' 'j;' , 

fication factor and is - the- anode slope resistance of the 

■^slve. The “coupling between L and N is such, *. e. the value 
of M is so adjusted that the resistance R is exactly equal to 

yxM" V ' ■ ' ’ ’■ ■ 

OR — therefore reduced to zero- In the L -O circuit 


the current t therefore becomes to ‘ siu-^^^'. . The time decay 
factor having thus completely disappeared it follows that 


electric oscillations once set, up in the circuit continue , with a 
constant amplituds, i. e. the valve acts as a producer of 


electric oscillations of frequency — V— . By varymg h and 

' 2ff<s/LC ; , . • 

0 any desired frequency — as high as is necessary — may be 
produced. If the inductance N be connected to the aerial as 
shown in Fig 314 high frequency continuous electromagnetic 


waves may be transmitted into space. 

Art 242 ' We have stated earlier that for the purpose 
Modulation tireless ^ telephony ,b continuous high 

frequency carrier wjaye is'^modified by a low fr^uehey audio 
wave, yhe way h<^ this is done is shown in Fis 315. 



Fig. 315 
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The microphone Mg is connected through the microphone 
transmitter T to the grid of the modulating valve M. 0 is the 
main oscillating valve (oscillator) which produces high fie- 
qnenej continuous waves. The anodes of the two valves M 


innfi "*^7 

Y 




CoMXxh. wnfe 

C^) 




Fig. 816 


and O are connected to a common high tension supply (H.T.) 
with which an iron cored choke coil F. ch. is placed in_series 
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When sound waves of frequency to are incident on the micro- 
phone voltage variations are set up in the grid circuit of M 
and these cause the anode current of M to fluctuate at the same 
frequency. Now the presence of the choke coil F. ch. in 
series with H. T. supply makes the current in the high tension 
circuit (AB) constant. Since this current is equal to the sum 
of currents flowing to the anodes of the valves O and M it 
follows that the" sum of these two latter currents remains 
constant. Hence when the anode current in the valve M is 
caused to fluctuate at the frequency w the supply of current 
to the valve O must also fluctuate at the same frequency. This 
fluctuation of the anode current in O causes variation of the 
amplitude of high frequency oscillations produced by the 
oscillating valve O and thus produces the desired modulation. 
In order that the high frequency oscillation produced in O is 
not transmitted to the valve M an air-cored choke (A, ch) is 
inserted as shown in the diagram. Since the impedance of a 
choke depends on the frequency of the current the air choke 
(A. ck.) effectively prevents the transmission of the high 
frequency oscillation to M but allows practically free passage 
to low frequency oscillations (generated in M) going to O. 
Thus the carrier wave is modified. If the carrier wave [hig 
316 (o)} is represented by Bo sin pt the modified wave [Fig 316 
(c)] is represented by Eo (I +«» sin wl) sin pt. The quantity m 
represents the magnitude of the modulation efiect and when 
expressed as percentage it is known as the percentage 
modulation. ' > • 

We have seen in Art 237 that if the 

Rcce>:t!onof cbaractcmtic of a detector valve be given by 
modulated wave ■ and if avoltage Eo sinpt 

be applied to tbe grid the resulting change in the anode- 

current is equal to i at Eo*. When a modulated v^ave 

Eo ( 1+771 sin tot) sin pt is received by the aerial tbe constant 

amplitude Eo is replaced by Eo (l + w sin to(). Hence the 

change in the anode current is i at Eo* (1 +»» S'C 

iajEoMl +2 m sin lof +^ cos2io«). The varying portion 

Si 2 
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Xlv‘ \ 

of this change is evidently i ai Eo* (2m sin tvt~~ cos 2 tvt). 

The hrst term viz. i a 4 Eo*. 2 m sin wt is of frequency to. The 
telephone (or louspeaker) placed in the anode circuit traversed 
by this current responds to the frequency to. This being 
of the same frequency as that originally impressed on 
the carrier wave at the transmitting ' station the original 

sound is reproduced. There is however the second 
_a 

term i asEo® cos 2 wt of frequency 2to. This evidently 

produces an octave of the original sound. This is however 
not usually of much importance ; for, in the ultimate analysis 
of a complex note there are usually octave components and 
the introduction of an extra double frequency component 
does not matter much. As this second term — distortion term* 
as It is called — contains square of the modulation factor tn its 
effect can be minimised by making m rather small. Usually 
it is never greater than 605o, 

Exercise XXII 

1. What is an oleotromagnetio wave and why it it ao 
called ? Explain briefly bow it can be produced. 

2. Disonsa briefly the principle of reception of wireleas 
signata by an electric oironit. 

3. Write abort notes on Thermionic valves, 

0. D. 1941, 1948 

4. What Is a diode valve and explain bow it can rectify 
alternating current. . What is meant by (a) Half wave rectifi- 
tioD. (b) Full wave reotifioation. Explain what modification is 
neceeiary in a simple diode valve to obtain Full wave 
rectification. 

6. Whet is a triode valve and why is it so called ? How 
can it be used for rectifying oscillations ? 

6. What is meant by the obaraoteristio curve of a triode 
valve 7 DiecuBB its importance in (o) rectifying and (b) atnplify- 
iog electric oscillations. 
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C.U. Qaestion 

1966- What do you understand by the term ‘Detention of 
eleotromagnetio •waves’ ? Explain the working of a diode as a 
deteotor. 

1966, What do you mean by thermo>ionio emission ? 
Dosoribe a triodc valve. How can you determine its amplifi- 
cation factor ? Give details, 

1966 Describe the construction of a triode valve. Define the 
constants of a triode valve and sho'w how these are inter-related. 

The anode slope resistance is 20,000 ohms and its amplifica- 
tion factor is 30. Find Its mutual conductance, 

1968, Write notes on (a) Triodc vaivc as ,an amplifier and (A) 
Simple transmitting system. 

1969, Describe the construction of a triode valsc. What arc 
its constants and what are the relations among them ? 

Explain how a triodc valve can be used as an amplifier. 

1970, Write notes on (a) Triode a's an oscillator and (A) Principle 
of a simple radio receiving sy.stem. 

1971, Describe the construction of a Diode and explain 
hov/ it can be used as a rectifier. 

1973. Write short notes on “Principle of radio reception.” 



CHAPTER XXIII 

jrODEP.K TOPICS 

Art 244 Faraday had long ago suspected that there 

Faraday effect }s some intimate connection between Light 
and Magnetism. But having no very powerful electro.maguet 
at his disposal he could not proceed very far. One effect 
however he discovered and that is now known as Faraday 
effect. 

A block G of dense glass is placed between the poles of an 
electromagnet and by boring boles through the pole pieces a 
ray of light is made to pass through the block along the lines 
of force. The ray is polarised by the polarising Nicol P and 
is analysed by the 
analysing Nicol A. 

Before switching on 
the electromagnet the 
analyser and the 
polariser are adjusted 
until they are crossed 
so that light is 
completely quenched Fig. 817 

by the analyser. It was noticed by Faraday that as soon as the 
electromagnet is switched on light Te-appear.s in the analyser. 
By rotating the analyser light can again be exUnguisbed. This 
shows that the plane of polarisation of the beam passing 
through the glass block is rotated by tbc magnetic 6eld. It 
was gradually observed that this Faraday effect is not peculiar 
to glass alone ; various substances such as quatz, methyl 
alcohol, water etc. exhibit this phenomenon. 

The rotation of the plane of polarisation v;as studied 
-extensively by Verdet for different substances and for different 
wnvclengtb.s of light. It was found by him that the angle of 
rotation is given by 
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^here L is the length o£ the substance (along the field), X 
the wavelength, fi the refractive index of the substance and K 
a constant depending upon the nature of the substance. The 
Q 

ratio — t,e. the rotation produced by a unit field when a 

unit distance is traversed by the ray of light, is now known as 
Verdet’srconstant for the substance used. • . . , 

It is wellknown that the plane of polarisation of a plane 
polarised beam is rotated when the beam is passed through 
various optically active substances. This rotation is however 
difierent from that by a magnetic field in one important 
respect. In the case of optically active substances the 
rotation depends in some way upon the arrangement of 
molecules in the substance. Hence if on emergence the beam 
is reflected back on its own patb so that the beam traverses 
the substance twice, once in each direction, the rotation 
produced in the two cases are equal but oppotite in direction : 
the resultant rotation is therefore nil. On the other hand 
in the case of the magnetic field the direction of rotation 
depends upon that of the magnetic field. Thus if the beam of 
light passing through the substance along the magnetic 
field be reflected back on its own path the rotations produced 
in the two cases are both in the earns direction ; the resultMt 
rotation is therefore doubled. 

Art 245 As early as the year 1870 Faraday had the 

Zeeman effect prophetic vision that spectral lines emitted by 
a substance can be modified by a powerful magnetic field. He 
could not however discover this effect. We now know that he 
was unsuccessful only because fie fiad not a powerfnl electro- 
magnet at fiis disposal. In tfie year 1898 Zeeman discovered 
the effect long sought for by Faraday. -A Bunsen burner 
fed with sodium salt is placed between the pole pieces of a 
powerful electromagnet. Light emitted by the sodium vapour 
is analysed by a spectroscope of high resolving* power. 
Obviously light may be received by the spectroscope quite 
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easily in a direction perptndicvlar to the magnetic field. In 

order that light from the Bunsen 
burner may also be received by 
the spectroscope in the direction 
of the magnetic field, holes are 
bored in the polepieces along the 
magnetic field. Thus light is 
analysed both along the magnetic 
'field and also in a direction perpen- 
dicular to the magnetic field. As is 
■well known ' sodium light consists 
of two close lines Di and D* of wavelengths 5890 and 
5896 Angstrom units. When the electromagnet is not switched 
on, in both cases the usual Di and D* lines appear in their 
proper places. When however the electromagnet is switched 
on a curious phenomenon is observed When light is analysed 
in the direction perpendicular to the magnetic field, each of 
Di and Dj lines is found to be split up into three lines ; the 
middle one is iii the same.position '"as the original Di or 
line and two other lines appear at short -but equal distances 
on two sides of the central line. And ■what is'mbre curious — 

• all the three lines are found to he plane polarised. 'But they 
are not polarised in the same plane ; the direction of vibration’ 
of the central line is parallel to the magnetic field but that of 
the outer lines is perpendicular to this. 

When however light Is analysed along the magnetic field 
each of Di and Da - lines is observed to be split up into two 
lines (and as in the former. case) — these two lines 

being in the same positions as the outer lines in the former 
case. The lines however are now found to be both circularly 
polarised — one right handed and the other left handed. 

This' phenomenon now known as Zeeman effect is 
apparently very surprising.' In ^1900 Lorentz offered an 
explanation of this on the classical theory. But' gradually 
more complex phenomena were discovered in the' case of 
many other substances and the dassical theory failed to 
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explain them. The correct explanation of all these phenomeDa 
is based on Quantum theory. 


Art 246 

Photo- 

electricity 


As early as the year 1887 Hertz found 
that in a vacuum tube even if the potential 
difference between, the electrodes be quite 
small, a discharge passes if the cathode be exposed to ultra- 
violet light. In 1888 Hallwac'hs discovered that when 
■ultraviolet light is incident on an insulated zinc sheet the sheet 


gradually acquires positive charge. If the sheet be initially 
negatively charged, with the incidence of ultraviolet light the 
sheet gradually loses its negative charge and ultimately 
becomes positively charged. On the other band if the sheet be 
originally positively charged no change is observed. 


These phenomena are not peculiar to zinc alone. Almost 
all metals exhibit these phenomena when ultraviolet light is 
incident on them. In the case of lalkaly metals even visible 
light produces the same effect. AH these phenomena have 
been correctly explained on the hypothesis that negat'vely 
charged particles of electrons come out of the metallic surface 
when light is incident on it. For- a good many years the 
correct relation between the velocity & number of electrons 
on one hand and the wavelength & intensity of the incidenr 
light on the other, could not be correctly established. It 
was of course obvious that electrons in the atoms of the 
metallic surface somehow absorb energy from the incident 
beapi and come out ■with a certain velocity. On this view the 
velocity should depend on the energy of the incident beam. 
Now' according to the wave theory the energy of a beam of 
light depends on the intensity. It was accordingly expected 
that with the increase of the intensity the emissive velocity 
of electrons would also increase. But such was not found to 
be the case. Rather the velocity seemed to depend not on the 
intensity but on the frequency of the incident beam Experi- 
ments conducted during these years by different scientists 
often contradicted one another and nothing was decisive ; 
everything seemed to be in tbe melting pot. ' 
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At last in the eear 1905 Einstein published what is now 
regarded as the famous photo-electric equation. It has been 
stated in Art 199 that in order to explain black body radiation 
Planck had pul forward the hypothesis that energy is emitted 
not continuously but in bundles of energy or quanta. Einstein 
look up this idea and went one step further 5 he boldly 
asserted that energy is also absorbed not continuously but in 
quanta! each quantum being nothing but a bundle of energy 
h'J, where i- is the frequency and A is Planck’s constant. 
Planck's hypothesis shook the very foundation of the wave 
theory of Light and Einstein’s equation practically gave a 
death blow* to it. If at the start energy is emitted disconti- 
niionsly in bundles of energy or quanta as stated, by Planck 
and at the end also if it is absorbed discontinnonsly as 
asserted by Einstein, are there any valid reasons to suppose 
that in the intermediate stage, i, e. the stage between emission 
and absorption energy is propagated, continuously as waves ? 
Obviously the answer is in the negative. The only conclusion 
possible is therefore that throughont its career light consists 
of bundles of energy or quanta. Each quantum is also called 
a photon. Thus according to this theory — Quantum theory — 
light is nothing but a stream § of photons. 

Since one quantum of energy (or photon) is equal to hv 
Einstein .supposed that either the whole of 7iv is absorbed 
or none at all. According to Einstein when this energy hv is 
absorbed, a portion P is spent in detaching an electron from 
its parent atom and the remaiuiag portion, viz- hv — P is 

• The ware theory of tight still held its ground because it succe«s. 
fully explained all phenomena in connection -with Interference, 
Diffraction and Polnrisalioo. AUhongb the QuaUtnm theory could 
explain quite aalisfaclority Photo-electric effect and other anch 
phenomena, it eonld not explain Interference, Diffraction and Polaii- 
sation. Thus apparently there were two theories, each theorj- explain- 
ing one group of phenomena but not the other. Piom the year lS2e 
however attempts bare been made fairly satisfactorily to unify these 
two rival theories into one theory. Vide Optics by D. P. Acharya. 

S It will be Been that the old corpuscnlar theory of Newton is lhn» 
rerived in a modiSed form in the qnantntn theory. 
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ia crestlnfrtbeicicetic o{ tht dcctToR- I* {* 

obrioasly h cosdsat dcjKndin^ on ihe m\v.it of Ice rt'si, 
Thn’i if 05 be tbc ms's-? of the cfcctroa ar.d r the 'Vcfec.'li' 
which the electron comes out of tic metRl stiffsce. its 
energf is ■ino*. Hence hv“P«*tne*, 


This is the famous photo-electric cijttlion of litr.steir.. 
should be Tcrocmberl'd that at the time when thK tiptlics 
was published there was not an iota of evidence in i(* jurprn. 
It was onlj the prophetic vision of the great scientist AUeit 
Einstein - the greatest scientist of 'modern age—thK! ronld 
predict this famous relation. Even after this equailen 
published for a number of years it could neither te ptoircd 
nor disproved by experiments — experimentaj diSiculties wefc 
so great. At last seven years later in the year JS12 fht 
famous experimental physicist Mjllitnn of A meric* “-the kiPS: 
of erperimeaters — overcame all difHcnitles and dehcltelf 
established the correctness of this equation. From his 
experiments he found cut the value of Psnek’s coaftsat ^ 
end this also agreed with the value alresdy fotr.d cut ftrss 
experiments on black body rndialloa. 


If the constant P be replaced by Mo where is * rrw 
constant depending on the nature of the mirlftl the 
takes the shape 0]ivion‘'ly ces:ro*. he Irf* 

than vq as otbcrwisd v- r'e becomes nfgstive rrd e 
imaginary, i-t- electrons do not some out of the meUi r<l;fR 
v is less than t'e. r» is called the ihtfth'id fer 

the metal. Thus we have the fnllowiag Irtsk for lie'.-. 
electric emission t — 


(1) The tiloeitp of the eScctrors which c 
metal surfece is Jcdcpeccicst of the icttc':*. 
beam. The nenter of electrons is however 
the intensity. 


om*- or.: f! ff 
,y of sh'' it<“ '■Vrl 
pTC-post’.erst to 


(2) The velocity depends on the of the icrrMst 
beam. The relation between the SQUsre cf the vtlcci^r 
the frequency is Jinesr. ^ 

{3) For every metel there ie e tbrerhetd fred-ecej 
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frcqaeocy of the incident beam mast be greater than the 
threshold frequency t otherwise electrons are not emitted. 

For alkaly metals the threshold frequency lies in the 
visible region. This is why electrons are emitted from alkaly 
metals even when visible light is incident on them. 

Art 247 The phenomenon of photo- electric emission 

Photo-electric bas been utilised in many ways the most 
important of which is perhaps the construction 
of photo-electric cells or Photo-cells, A thin 61m of an alkaly 
compound — usually caesium oxide — is deposited on the inner 
side of a non conducting surface bent in the form of one half 
of a hollow cylinder, A metal rod R (known as collector) is 
placed along the axis of the cylinder and a fairly high poten- 
tial difference is applied between the collector R and the 
inside coating 0 of the alkaiy compound deposited on the 
cylindrical surface, the collector being positive with respect 
to the alkaly coating. The whole thing is enclosed in a glass 
envelope. The entire thing 
is known as a photo-elec- 
tric cell or a photo cell. 

When a beam of light is 
incident on the metallic 
coating, electrons— these 

are sometimes called photo- 
elcctrons — come out and 
due to the electric 6eld 
they are drawn towards the 
collector R. If a circuit be completed as shown in the 
diagram a negative current flows in the circuit in the direction 
from C to B ; this is equivalent to a positive current in the 
opposite direction. If a galvanometer G be included in the 
circuit a deflection is produced therein. If the incident light 
be of varying intensity the strength of the current also 
becomes correspondingly variable. 

Photo-cells are generally completely exhausted. Butin 
some cases they are fllled with some inert gas, such as argon. 
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The photo electrons while travellinEr towards the collector 
collide with argon atoms and dislodge electrons trom 
them. These electrons dislodged from argon atoms ere also 
drawn-towards the collector. The positively charged ionised 
argon atoms also move towards the alknly coating thus 
producing a positive current from R to C. Thus total current 
generated in the photo cell is increased 10 to 100 times the 
initial photo current. 

Jn talkies a picture film and the corresponding sound film 
arc placed side by side. ' When a beam of light passes through 
both portions light passing through the picture film 
produces the picture on the screen in the usual way by n 
magic lantern. The other portion which passes through the 
sound film, is made to be incident on a photo-electric cell. 
The transparency of the sound film in different portions 
depends upon the sound originally produced during the 
production of the talky film. Light which passes through the 
sound film becomes therefore of varying intensity, the varia- 
tion corresponding to the original sound, A current of 
correspondingly varying strength is thus produced in the 
photo-cell circuit. If, instead of a galvanometer, a loudspeaker 
be placed in the circuit sound is exactly reproduced. 

Photo cells are often used in the construction of what is 
known as "Borglar’s Alarm." A beam of light incident on a 
photo cell is so arranged that a burglar approaching a door 
way . intercepts the beam. The sudden dccrcn.se in photo 
current may be used to start a current (in a separate circuit) 
which rings an alarm. 

In the manufacture or processing of materials photo cells 
are sometimes used to detect imperfect articles and to actuale 
mechanisms which reject them. The speed aud cccnracy 
with which this may be done are far greater than uhat is 
possible by human agency. 

Exercise XXHI 

1. Wbflt is Firsday eileofc with regard to » plane poleritid 
beam of ligb^ passing through the pole pieces of an electro 
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nkgoet Along the lines of force ? Id wbat way is the rotation 
of the plane of polarisation prodnoed in the beam of light 
different from the rotation prodneed by an optically active 
anbitanoe 7 

2. Describe folly the phenomena known as Zeeman effect 
when a sooroe of Na light is placed between the pole pieces of 
an eleotromsgnet, 

3. What is photo-electricity 7 Explain how Einstein 
explained this with the help of bis now famous pboto-eleotrio 
egoatloD. 

4. Explain liow photo-electricity has been ntillsed to 
reprodooe sound in cinema films- 

C. U. Questions 

I95S' Write short notes on Faraday effect. 

1958, 1960, 1961, 1967. Write short notes on Photoelectric 
cell and its applications. 

1968. What is photo-electric effect ? How has ii been ejtplained 
on the basis of the quantum nature of light ? 

1969, 1970, 1973, 1975. Write notes on “Photo-electric 
effect.” 
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In modern engineering the units of length, mass and time 
are taken to be a Metre, Kilogram and a Second. And the 
fundamental unit in Electricity & Magnetism is taken to be 
that of current, viz. Ampere. This system is therefore known 
as MKSA system. 

In this system the unit of force is one Newton. It is 
dehned to be that force which produces an acceleration of 
I metre per sec* in a mass of 1 kilogram. Thus 1 Newton ^ 
Ikg5<l metre/sec* “ 10^ gm cm/sec* '=10'' dynes. Unit of 
energy is one Joule which is equal to 1 Newton x 1 metre *=10* 
dyne cm = 10* erg.s. 

The ampere its defined to be that current which when 
present in two parallel straight wires of infinite length and 
of negligible cross-section, placed at the distance of 1 metre 
apart, produces a force of 2 x tO"* uewton (per unit length i.e, 
per metre). Starting with this definition of unit current we 
"inay define units of all other electric and magnetic quantities. 
It will be seen that all these units are the same as practical 
units defined in the ordinary way. 

The two fundamental equations in Electrostatics and 

Magnetism are now (1) F- and (2) F where h 

mkr~ ^Tzfir- 

and (I are respectively called electric and magnetic permittivity 
of the medium. 

As a result of this modification Gauss’s theorem in 
Electrostatics is modified ps follows : — 

The total normal induction over a closed surface is equal 
to the total charge inside the surface. 
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Alternator 340 
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Ampere's Rule 175 
Ampere’s Theorem 176 
Amplification factor 471 
Amplification of electric 
oscillation 477 
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Anode 242 

Anode slope resistance 471 
Arc lamp 167 
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Astatic Pair 187. 
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Aston 431 
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Ballistic galvanometer 199 
suspended coil type 202 
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Capacity of a condensor 99 
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Carrier wave 484 
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properties of 410 
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Square Law 67 
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Bunsen 139 
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Dry 138 
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Standard 140 
Storage 256 
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Chemical equivalent 244 
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guard ring 106 
parallel plate 105 
spherical 110 
variable 107 
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Condenser in parallel 103 
in series 104 
Conductance 142 
Coolidge tube 440 
Cork Screw Rule 175 
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uniform magnetic field 20 
C-R circuit 374 ’ 

Crooke’s Dark Space 409 
Crystal detector 478 
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Curie Weiss Law 297 
Current, measurement of 238 
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unit of 163 
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Measurement of 37 
Detection 479 
Deviation, Quadrantal 53 

semi circular 52 , , 

Diamagnetism '296 . 

Diode valve 463 , , , 

as a rectifier 466 
Dip 35 

Measurement of 37 
Dip circle 37 

Dipole 101 , 

Direct Current Dynamo 344 
Discharge lamps 168 
Discharge of condenser, dead heat 
328 

oscillatory 328 
Displacement current 102 
Diurnal variation of earth’s field 
50 ■ > , 

Dolezalck electometer 127 
Dry cell 138 i 

Duddel galvanometer 283 
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Pynamo 338 
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Electron 56,415 
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Electroscope, Gold leaf 58 
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Eleven year cycle 51 
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Equivalent conductivity 249 
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295 
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Tangent 184 , ^ j 

iSensitivcncss of 187 
Gamma rays .457, ,, 

Gas Diode 465 

Gauss’s Proof of Inverse Square 
Law 27; 

Gauss’s Theorem •79,;' 

Geiger Counter 453 
Geographical meridian 36 
Glow lamp 167 ,; -.j.; 

Gold leaf electroscope 58 , , , ' . • 
Guaird ring condenser 106 

Half deflection method 230. ‘o 
Half period 450 ... 

Half-wave rectification 467 
Heating effect of current 163 . 
Heavy hydrogen 433 . 

Heavy water. 433 
Helmholtz galvanometer 188 • 
Hertz 475, 494 

Hot wire instrument 206 - ■ ,(. 

Hysteresis 289’ ,v ■ 

Ice pall experiment 59 
Impedance 369, 376, 379 : , 

Impedance triangle ;371, 376 
Inclination 35 • r j 


Measurement of 37 
Inductance, self ,310 

Mutual 313 , . • . - . 
Measurement of 321 , 
Inductance of, a solenoid, 312 
Induction Coil 350 . . , 

Intensity, electric ^ 

magnetic 2 , , , 

of magnetisation 287 
Ionisation 2.6, 427 .. , 

Ionisation chamber . 440 . . , 

Ionisation potential 428 " . ,, . 

Ions 242 \ 

Isotope, 431- . ; 
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Kilowatt hour 165 ', 
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Langmuir’s equation 465 
Laplace’s LaV 17S ' , ", , 
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Law of inverse square 26, 67 ■" , 
Cavendish’s proof of, 67 , 

Gauss’s proof of 26 . 
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L.C.R. circuit. 377., 

Lcclanche cell 139 ' . 
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Leyden jar 99 ■ ■ ■ - 

charging of 99 
discharging of 99 , . 

dissecting 102 
Lightening conductor. 77 
Line integral 176 
Lines of force 18,75 
Refraction of 87 
Local action in cells 137 
Lodge, Sir Oliver 413 , 

L.R. circuit 376 
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Magnetic elements 36 

continuous records of varia- 
tion of 47 

annular variation of 50 
diural variation of 50 
secular variation of 49 
Magnetic field 3 

due to a circular current 179 
due to a straight current 177 
due to a solenoidal current 182 
Magnetic induction 288 
Magnetic meridian 36 ' 

Magnetic storm 51 
Magnetism, theories of 294 
Magnetometer, deflection 41 
vibration 43 
Kew Pattern 44 
Marconi 475 
Mariner’s Compass 51 
Maxwell 69, 403, 474 ' 

Mean life 450 
Mesh connection 386 
Metre Bridge 224 
Microphone, carbon 355 ' 

Mobility of ions 251 
Measurement of 252 
Modulation 486 

Molecular theory of magnetisation 
294 ’ 

Morse Code 356, 453 
Motor 348 

Mutual characteristic curve '464 
Mutual conductance 471 
Mutual inductance 313 

of two solenoids, tightly 
coupled 314 

Neutra Ipoint 5, 6 
Neutral temperature 273 
Neutron 422 

Ohm’s Law 141 
Oscillatoiy charging 332 
discharging 328 

Paramagnetism 296 ' ' * 

Peltier effect 265 


E.M.F. 267 
Pentode 473 

Permeability, magnetic 1, 289 
Photoelectric cell 497 
Photo-electricity 494 
Photon 495 
Plasma 466 

Platinum resistance thermometer 
232 

Polar and non-polar molecule 102 
Polarisation 102, 137 
Polarisajion E.M.F. 138 
Positive column 408 
Positive ion sheath 466 
Positive rays 429 
Post-office box 226 
Potential barrier 462 
Power factor 365 
Practical units 163, 406 
Proton 422 

Quadranfal deviation 53 
Quadrant electrometer 124 

Radio-active constants 449 
Radio-activity 447 
Constants of 449 
Radio-micrometer 282 
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Reactance 369, 376 
Rectification, half-wave 467 
full wave 467 
Residual magnetism 289 
Resistance 142 

measurement of 228 
specific 142 

temperature coefficient of 232 
Resonance, series 379 
parallel 380 

Resonance potential 428 
Richardson’s equation 465 
Right Hand Rule 339 
Rontgen Rays 438 

Secondary cell 256 
Secular variation 49 
Secbaclc effect 265 
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Selenium cell 235 
Self Inductance 311 
Measurement of 321 
Semi-circular deviation 52 
Shell, magnetic 27 
Shunts 147 

universal 149 

Siemen's electrodynamometer 215 
Solenoid, endless 184 
straight 182 
inductance of 322 
Space charge 463 
Specific Inductive Capacity 60 
Measurement of S.l.C. of a 
solid 129 
a liquid 130 
a gas 132 

Specific resistance 142 
Standard cell 140 
Star connection 386 
Storage cell 256 
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Suspended coil type galvanometer 
197 

Tangent galvanometer 184 
Helmholtz 188 
Telegraph 353 
Telephone 357 

Temperature effect of, on magne- 
tisation 298 
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Terrestrial magnetism 34 
Tetrode 473 

Thermo-electric couple 265 
diagram 276 
power 274 
Thermo-pile 282 
Three phase system 385 
Threshold frequency 496 


Thomson effect 268 
Time constant 316, 320 
Thomson coefladent 269 
Transformer 344 
Triode 469 

constants of 471 
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magnetic 397, 
electrostatic 395 
practical 406 
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Vector diagram 372 
Virtual current 364 
E.M.F. 363 
Voltameter 206, 243 
electrostatic 127 
Voss machine 90 

Watt, the 164 
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Wattmeter 215 
Weston Cell 140 
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Zeeman effect 492 



